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FOREWORD 


This  Liquid  Propellants  Gynposium  was  organized  by  the 
Technical  Advisory  Panel  on  Fuels  and  Lubricants,  of  the 
Office  of  the  Assistant  Secretary  of  Defense,  Research  and 
Development,.  03  part  of  a  continuing  effort  to  promote  the 
interchange  of  ideas.  Papers  to  be  presented  or  read  by 
title  are  being  distributed  in  advance  of  the  symposium  to 
stimulate  discussion  (Volume  1,  papers  to  be  presented;  Volume 
2,  papers  to  be  read  by  title  only) . 

Authors  have  been  asked  to  .limit  their  reviews  to  ten 
minutes.  An  equal  tine  has  been  allotted  for  prepared  dis¬ 
cussions  of  most  papers,  after  which  general  discussion  will 
follow. 

A  stenotype  record  will  be  node  of  unprepared  discussion, 
and  the  discussers  will  be  given  an  opportunity  to  edit  their 
remarks  before  the  proceedings  arc  published.  Papers  received 
too  late  for  advance  distribution  will  also  be  included  in  the 
proceedings. 
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SURVEY  OP  RESEARCH  Oil  FREE  RADICALS  AS  PR0PELLA1JT3 


Lt  Colonel  Foul  G.  Atkinson 
AF  Office  of  Scientific  Research 
Washington,  D*  C. 

Introduction 

The  Armed  Services  became  interested  in  the  application  of 
free  radicals  as  possible  ultra  energy  propellants  3ome  years  ago. 
The  performance  looks  promising,  and  investigation  of  the  means  of 
producing,  identifying,  concentrating,  stabilizing,  and  reacting, 
free  radicals  has  led  to  a  wide  program  of  exploratory  research  to 
ascertain  the  feasibility  of  free  radicals  as  ultra  energy 
propellants. 

Free  radicals  or  free  atoms  can  be  defined  a.s  chemical  species 
of  neutral  charge,  with  an  unpaired  electron  in  the  outer  ring. 

For  example,  dissociated  molecules  are  free  atoms  or  radicals.  The 
atom  or  radical  with  the  single  electron  seeks  to  pair  this  electron 
with  that  of  another  atom  or  radical,  and  this  affinity  explains 
the  reactivity  of  free  radicals.  Related  chemical  species  of  higher 
energy  level  are  excited  atoms  or  molecules,  in  which  an  energy 
addition  has  rearranged  the  electrons  which  seek  to  return  to  their 
natural  state.  Ionization  is  a  higher  energy  state  in  which  the 
electron  has  been  removed,  thus  imparting  an  electrical  charge. 

There  are  probably  as  many  free  radicals  as  there  are  stable 
chemical  compounds;  but  as  one  might  expect,  only  a  few  of  the  most 
reactive  free  radicals  are  of  interest  as  propellants.  Unless 
otherwise  indicated,  "free  radicals"  should  be  taken  to  include 
free  atoms  as  well. 

Performance 


As  a  point  of  reference,  let  us  first  examine  the  performance 
parameters  which  reduce  free  radical  propellants  to  the  same  common 
denominator  as  conventional  propellants. 

The  best  index  of  rocket  propellant  performance  is  the  specific 
impulse,  I3t)  or  the  pound  seconds  of  impulse  which  one  pound  of 
propellant  Will  yield. 
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In  pound  seconds  per  pound,  I,,,,  is  equal  to  the  exhaust  velocity 
divided  by  the  acceleration  of  gravity.  The  exhaust  velocity  is 
Given  by: 


Figure  1 


whore  IC  =  i*atlo  of  the  specific  heats 
R  =  universal  gas  cons  tail  t 
2  z  acceleration  of  Gravity 
Pp  s  pressure  ratio  of  c:rpan3ion 

PT 

Tc  "  combustion  temperature 

II  =  average  molecular  weight  of  exhaust  cases 

The  predominating  factors  in  this  equation  arc  the  temperature 
of  combustion  and  the  average  molecular  weight  of  the  exhaust  gases, 
oo  we  can  state  our  performance  equation  the  form 


v  or  Isp  *  f  ( Y  ) 

^  M 


To  maximize  performance,  then,  we  seek  a  high  chamber  tempera¬ 
ture  and  a  low  average  molecular  weight.  With  conventional 
propellants,  tiiis  chamber  temperature  is  generated  by  the  combustion 
of  a  fuel  and  a  oxidizer.  In  an  atomic  rocket,  the  heat  from  a 
reactor  would  be  transferred  to  a  working  fluid.  With  the  free 
radical  propellants  postulated,  the  "combustion"  temperature  is 
generated  from  the  bond  dissociation  energy  or  heat  liberated  by 
the  recombination  of  unstable  free  atoms  or  radicals  of  the  working 
fluid  or  contained  in  the  working  fluid  as  a  slurry.  The  average 
molecular  weight  of  the  exhaust  gases  has  the  same  significance  in 
any  case.  The  lighter  the  better. 


Let' 8  look  at  a  number  of  conventional  propellants  in  the  light 
of  these  two  criteria  -  the  temperature  of  combustion  and  the 
average  molecular  weight  of  exhaust,  and  see  how  they  compare  with 
free  radical  possibilities. (See  Figure  2) 


In  this  slide,  the  temperature  of  combustion  is  plotted  for  a 
number  of  conventional  propellants  with  their  specific  impulse  on 
the  horizontal  scale.  The  workhorse  propellants  1#  2  in  general 
have  combustion  temperatures  in  the  5000  -  5500°F  range.  Some  of 
the  exotic  propellants  rim  higher,  depending  on  the  mixture  ratio. 
Free  radical  species  4  at  various  "mixture  ratios"  with  molecular 
hydrogen  calculate  out  to  higher  temperatures,  reaching  $54o°F 
with  100'(i  atomic  liydrogen.  The  effect  of  dissociation  is  to  put 
a  ceiling  on  the  maximum  temperature  that  we  can  achieve.  A 
dissociation  equilibrium  can  bo  calculated  5  at  a  given  temperature 
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and  pressure.  The  horizontal  linos  arc  the  temperatures  at  which 
the  exhaust  products  are  dissociated  ton  per  cent  at  thirty 
atmospheres.  Dissociation  absorbs  energy  and  limits  the  chamber 
temperature.  On  the  other  hand,  dissociation  increases  the  specific 
volume  of  exhaust  gases  and  decreases  the  average  molecular  weight. 
V/hile  this  is  beneficial,  the  temperature  effect  predominates,  and 
dissociation  limits  the  specific  impulse. 

Free  radicals,  then,  offer  a  possible  means  of  producing 
extremely  high  temperatures.  Let's  examine  the  other  performance 
criterion, that  of  the  average  molecular  weight  of  exhaust  products. 
(See  Figure  3)« 


Various  conventional  propellants  2  containing  carbon,  oxygen, 
nitrogen,  and  hydrogen  fall  into  the  region  20  to  25.  The  exotic 
combinations  are  les3  than  20,  and  depending  on  mixture  ratio  may 
be  as  low  as  9.  Free  radical  species  in  slurries  of  molecular 
hydrogen  are  consistently  smaller,  and  for  atomic  hydrogen  alone, 
n  would  be  2  or  lc33  depending  upon  dissociation.  The  low  average 
molecular  weight  is  the  other  attractive  feature  of  free  atoms  and 
radicals,  and  largely  accounts  for  the  high  specific  impulse. 

Some  sample  performance  calculations  3>  4,  6  are  Bunsnarized 
in  Figure  4  for  free  radical  systems. 

Theoretical  Performance  of  Some  Free  Radical  Systems 


Species 

4.0  mol  II2  to  1  mol  II 

Pc 

Fsia 

300 

Isp 

sec 

T 

_  c 
°F 

2^20 

o>- 

IV 

1000 

Source 

Aerojet 

2.8  mol  H2  bo  1  mol  Mil 

300 

4io 

49^ 

3000 

Aerojet 

5.0  mol  II2  to  1  mol  Cil 

300 

492 

4940 

3000 

Aerojet 

1.6  mol  II2  to  1  mol  II 

300* 

740 

4940 

3000 

Aerojet 

2.2  mol  H2  to  1  mol  BII 

300 

420 

4940 

3000 

Aerojet 

4.0  mol  Hg  to  1  mol  N 

300 

472 

4940 

3000 

Aerojet 

.54  mol  H2  to  1  mol  H 

300 

1040 

6y4o 

4ooo 

Aerojet 

II  alone 

300 

1280 

85^ 

5000 

WADC 

Various  radicals  >  11113 

300 

487 

> 

836 

Aerojet 

1  mol  IJII3  various 

radicals  >  2NII3 

300 

324  > 

572 

Aerojet 

Various  radicals  >  N2ll4 

300 

334 

> 

765 

Aerojet 

1  mol  N2!l4  -f-  various 

radicals  >  2U2Il4 

300 

266  > 

555 

Aerojet 

0  alone 

600 

314 

8935 

5225 

RMX 

OH  alone 

600 

2S9 

6137 

3666 

RME 

Clio  alone 

600 

328 

4032 

2238 

RM 

10$  N  in  mixture  with  II2 

300- 

440 

3500 

2200 

WADC 

20$  N  in  mixture  \dth  ll2 

300 

490 

49jfO 

3000 

WADC 

Figure  4 
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'flic  free  radicals  of  in  to  rout,  than,  arc  restricted  to  a 
number  of  the  simpler,  lighter,  and  more  reactive*  sped es  -  H,  N, 
Mil,  nil,  Cll,  0,  and  Oil.  While  there  in  no  question  that  the  most 
fauldonable  of  the.ee  is  atomic  hydrogen,  thin  little  rascal  is  al30 
the  moot  elusive.  Others  may  provo  more  amenable  to  stabilization, 
and  anything  over  3&)  seconds  specific  impulse  is  attractive  for 
rocket  application. 

Research  in  Free  Radicals 

Well  over  two  thousand  reports  applicable  to  atomic  and  free 
radical  research  dating  from  1373  to  1954  are  referenced  in 
E.  W.  R.  Stcacie's  l  two  monumental  volumes  on  the  subject. 

R.  A.  Marcus  ^  ha3  summarized  studies  presented  at  the  How  York 
Academy  of  Sciences  March  195^ •  Olson,  Pellom,  Jroida,  and  Carr  9 
in  June  195^  surveyed  the  state  of  the  research  underway,  pertinent 
to  free  radicals  as  propellants.  The  Aerojet  General  Corporation  3 
published  in  July  195o  their  final  report  of  their  first  two  years 
of  research  and  performance  calculations  on  ultra  energy  fuels  fOjr 
rocket  propulsion.  The  Aeronautical  Research  Laboratory  of  WADC  * 
made  performance  calculations  and  estimated  the  current  prospects 
in  November  195o.  The  purpose  of  thi3  paper  i3  to  survey  the 
present  ejqdoratory  research  effort  pertinent  to  free  radicals  as 
propellants,  and  to  discuss  what  appear  to  be  the  key  problems  and 
areas. 

The  areas  con  be  listed  as  follows: 

(1)  Production  and  concentration 

(2)  Detection,  identification,  estimation,  and  study 

(3)  Stabilization  and  storage 

(4)  Reaction 

Production  and  Concentration 

At  the  present  state  of  the  science,  generation  of  free 
radicals  would  probably  be  a  better*  term  than  production.  There 
are  several  means  of  producing  free  radicals,  and  all  require  an 
input  of  energy  equal  to  the  strength  of  the  bond  holding  the  atoms 
or  radicals  together  in  a  stable  molecule.  Free  atoms  and  radicals 
can  be  produced  by  thermal,  chemical,  photochemical,  electrical, 
and  nuclear  processes. 

As  discussed  above,  the  degree  of  dissociation  of  molecules 
which  form  free  radicals  can  be  calculated  for  many  gases  as  a 
function  of  temperature  and  pressure.  Heated  filaments  were  first 
used  by  Langmuir  over  40  years  ago  to  produce  atomic  hydrogen,  and 
have  since  been  widely  used  by  many  investigators  Shock 
pyrolysis,  that  is  the  use  of  shock  wave  techniques,  has  been  used 
and  is  a  means  of  producing  free  radicals  in  large  concentration. 
Solar  and  electrical '  furnaces  are  also  a  means  of  obtaining  high 
temnovatures  for  inducing  molecular  dissociation.  Efforts  by 


CONFIDENTIAL 


Atk'l .n'.'jn  ■ 

CONFIDENTIAL 

Nichols  at  University  of  MleNLgan  and  Gross^-  at  Faircliild 
Engine  Division  to  produce  a  n landing- do tonat Lon  wave,  if 
successful,  may-offer  a  method  of  producing  free  radicals  by  thermal 
means  at  high  concentration  in  a  ccntlnous  floe  device. 

Free  radicals  are  produced  as  intermediates  in  many  chemical 
reactions.  In  fact  the  existence  of  free  radicals  was  postulated 
to  explain  the  mechanism  of  reactions  even  before  there  were  means 
to  detect  free  radicals.  Although  chemical  systems  are  usually 
complex,  production  of  free  radicals  by  chemical  means  sho’ild  not 
be  overlooked. 

Electromagnetic  radiation  in  the  visible  and  ultraviolet, 
absorbed  by  molecular  3pecie3,  can  produce  free  radicals  directly. 

In  wavelengths  where  these  species  arc  transparent  to  radiation,  free 
radicals  can  be  produced  thru  photosensitization  -  the  addition  of 
another  substance  wldch  doe3  absorb  energy,  and  which  transfers  it 
to  the  specie  to  be  dissociated.  Flash  photolysis  of  gace3  can 
produce  free  radicals  in  high  concentration. 

Free  radicals  can  be  produced  electrically  by  passing  a 
molecular  specie  thru  a  corona,  glow,  spark,  arc,  or  clectrodeless 
discharge.  Through  collisions  with  electrons  or  thermal  effects  a 
wide  variety  of  ions,  atoms,  and  radicals  are  produced. 

X  and  gamma  radiation  absorbed  by  molecular  species  produces 
ions,  electrons,  and  excited  molecules,  which  lead  to  the  formation 
of  free  radicals  by  subsequent  collisions.  Alpha,  beta,  neutron  or 
proton  bombardment  can  also  produce  free  radicals.  Fission  products 
may  be  used  to  produce  free  radicals  with  a  high  efficiency  of 
conversion  of  nuclear  energy  directly  to  chemical  energy. 

Production  of  all  the  free  atoms  and  radicals  of  interest  has 
been  achieved  on  a  laboratory  scale  by  various  techniques  outlined 
above.  The  main  problems  in  production  at  the  present  time  are  to 
increase  the  yield  or  concentration,  and  to  isolate  the  free  radicals 
of  interest  from  the  other  hash  that  is  present. 

Work  on  production  and  concentration  of  free  radicals  is  being 
pursued  at  many  places  by  many  means.  12-15  Shock  pyrolysis  work 
is  underway  by  Davidson  at  California  Institute  of  Technology, 

Green  and  Hornig  at  Brown  University,  and  Kistiakovsky  at  Harvard. 

Chemical  mean3  are  employed  by  Wertz  at  University  of 
Minnesota,  Norberg  at  Washington  University,  Kuentzel  of  Wyandotte 
at  the  National  Bureau  of  Standards,  and  Fontana  of  California 
Research  Corporation  at  NBS.  Pimental  at  University  of  California 
is  studying  free  radicals  emanating  from  a  combustion  flame. 

Photolysis  techniques  are  being  used  by  Moe  at  Aerojet, 

Anderson  at  University  of  Maryland,  Proson  at  the  National  Bureau 
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of  Standards,  Norbcrg  at  Washington  University,  and  Pimento!  at 
University  of  California.  Flash  pliotolysis  13  being  used  by  Cross 
at  University  of  Waslilngton,  Livingston  at  University  of  Minnesota, 
Marcus  at  Brooklyn  Polytechnic  Institute,  Davidson  at  CIT,  and 
Matheaon  at  Argonnc. 

Electrical  discharge  techniques  arc  employed  by:- 
Crons  at  University  of  Washington 
Moo  at  Aerojet 
Mann  at  UBS 
Linnett  at  Oxford 
Klein  of  Olin  Matliieson  at  UT& 

Anderson  at  University  of  Iteryland 
Rice  at  Catholic  University. 

Lichtln  at  Boston  University  i3  working  with  a  corona  discharge, 
Ilartcck  at  Rensselaer  and  Lichtin  also  with  a  glow  discharge. 

Giguere  at  Laval  University  and  Fonor  at  the  Applied  Physic's 
Laboratory  of  Johns  IIopkin3  are  using  an  electrodclcss  discharge. 
Hoerl  at  UBS  is  producing  free  radicals  by  electron  bombardment . 

Cabrera  at  University  of  Virginia  i3  using  X  ray  techniques. 
Gamma  radiation  i3  used  by:- 
Wertz  at  Minnesota 
Moe  at  Aerojet 

Carr  at  Phillips  Petroleum  Company 
Florin  at  NBS 
Livingston  at  Oak  Ridge 
Matheaon  at  Argonne 

Alger  at  the  Naval  Radiological  Defense  Laboratory. 

Hartecl:  at  Rensselaer  has  achieved  substantial  yields  with  the 
recoil  energy  of  U02  fission  fragments  in  influencing  C02 
equilibrium  at  ambient  temperatures.  Bretton  at  Yale  is  investigatin 
reactive  radicals  in  irradiated  compounds,  Currie  of  Penn  State 
University  is  studying  reactions  of  energetic  tritium  atoms,  and 
Marcus  at  Brooklyn  Poly  production  of  radicals  by  bombardment  of 
species  with  a  molecular  beam.  Donn  of  Wayne  University  at  the  NBS 
will  study  the  chemistry  of  free  radicals  under  conditions  simulating 
comets  and  interstellar  matter. 

Carr  at  Phillips  Petroleum  Company  is  investigating 
concentration  by  physical  means.  Golden  of  Brandeis  at  NBS  by 
fractionation,  and  Wall  at  NBS  by  electromagnetic  separation.  Shock 
photolysis  and  shock  pyrolysis  can  be  expected  to  yield  free 
radicals  in  quite  high  instantaneous  concentrations.  Concentration 
is  related  closely  to  the  ability  to  stabilize  an  accumulation, 
and  depends  on  the  means  of  production  employed. 

Detection,  Identification,  Estimation,  and  Study 

The  second  area  with  which  we  arc  concerned  in  utilizing  free 
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radicals  as  propellants  is  in  detection,  idea  tii'i  cation  of  species, 
estimation  of  concentration,  and  study  of  their  properties.  There 
arc  several  mouna  at  our  disposal,  but  the  problem  arc  difficult 
at  best. 

Conventional  methods  and  tcelmiquco  of  chemistry  such  as  analysis 
of  reaction  products,  the  effect  of  additives  vhich  inhibit,  catalyze, 
fix,  or  react  in  coma  way;  and  use  of  isotopes  can  (jive  clue3  to  the 
px'csence,  type,  and  amount  of  species,  as  well  as  additional 
information  on  chemical  properties. 

Measurement  of  the  physical  properties  such  as  diffusion  rate, 
thermal  conductivity,  pressure,  density,  electrical  conductivity; 
and  use  of  calorimetry  and  mass  spectrometry  are  valuable  and 
accurate  means  for  determination  of  species.  With  knowledge  of  the 
specie  they  are  tool3  for  further  3tudy  of  free  radicals.  Techniques 
of  solid  state  science  and  low  temperature  physics  can  also  be 
adapted  to  study  of  free  radicals. 

Optical  spectroscopy  is  a  tool  for  detection,  identification 
and  study  of  some  species  but  has  definite  limitations  in  certain 
areas.  Infrared  emission  spectroscopy  requires  fairly  high 
concentration  because  of  instrumental  difficulties;  IR  absorption 
can  detect  concentrations  which  are  somewhat  less.  Both  are  deficient 
in  time  response  and  sensitivity.  In  the  "as  plxase  infra  red  can 
be  useful,  but  in  the  solid  phase  the  bands  shift  for  many  reasons. 
Visible  and  ultraviolet  are  somewhat  more  sensitive  and  accurate 
than  infra  red,  but  there  are  regions  in  the  spectrum  in  which 
many  radicals  of  interest  are  transparent,  and  the  bands  shift  at 
lower  temperatures . 

The  fact  that  free  radical  species  are  paramagnetic  has  led  to 
the  more  recent  teclinique  of  paramagnetic  resonance  absorption.  Free 
radicals  located  in  a  cavity  subjected  to  an  oscillating  magnetic 
field  at  microwave  frequencies  get  excited  and  betray  their  presence 
and  specie  at  certain  resonant  frequencies.  Paramagnetic 
resonance  is  a  very  sensitive  means  in  the  liquid  and  solid  states, 
and  over  the  whole  temperature  range  of  0°  absolute  to  the  melting 
130 int  of  the  cavity  envelope.  It  is  effective  also  with  gaseous 
free  atoms,  but  somewhat  more  difficult  with  gaseous  free  radicals. 
Studies  of  the  hyperfine  structure  yield  detailed  information  on 
properties  of  free  radicals  and  atoms.  Tils  probably  reads 
something  like  "A  Child's  Guide  to  Spectroscopy",  however 
spectroscopy  can  get  extremely  specialized  and  intricate  to  say  the 
least.  Free  radical  research  frequently  requires  the  application 
of  all  types. 

Progress  ha3  been  made  on  detection,  identification, 
estimation,  and  study  of  free  radicals.  The  means  for  gaining 
additional  information  and  refining  laboratory  techniques  are 
available.  A  future  problem  area  vail  bo  to  evolve  a  practical 
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means  of  de tcrmlning  null:  concentration  of  free  radical;}  for  field 
use  in  event  they  ere  over  stabilized  in  hi  iff  i  dent'  con  -  ;on  trotlon 
to  bother  with.  Specific  impulse  c.n  shown  in  performance 
euieiiiutlohn  is  extremely-  sensitive  to  tlie  free  radical  content, 
and  ballistic  missile  range  is  roughly  proportional  to  the  square 
of  the  specific  impulse. 

Work  on  optical  spectroscopic  techniques  for  detection  and 
identification  is  being  pursued  by  a  lurge  number  of  investigators. 
Giguerc  at  Laval  University,  Davidson  at  CIT,  Ilcrzfold  and  Pilon 
at  IBS  are  working  with  the  visible  spectrum.  In  the  ultra  violet 
spectrum  arc  Gigucre  at  Laval,  Cross  at  University  of  Washington, 
Pimental  at  University  of  California,  Carr  at  Phillips  Petroleum, 
Davidson  at  CIT,  Pilon  at  IBS  and  Tanaku  at  AF  Cambridge  Research 
Center.  Working  with  infra  red  are  Gi/$uerc  at  Laval,  Cross  at 
University  of  Washington,  Pimental  at  University  of  California, 

Carr  at  Phillips  Petroleum,  Mee  at  Aerojet  General,  Ilornig  at 
Brown  University,  Davidson  at  CIT  and  Harvey  of  Laval  University 
at  IBS. 

Work  with  microwave  spectroscopy  is  being  pursued  by  an  even 
larger  number  of  investigators.  Employing  paramagnetic  resonance 
absorption  are : - 

ITorberg  -  Washington  University 
Wertz  -  University  of  Minnesota 
Fraenkel  -  Columbia 
Anderson  -  University  of  Maryland 
Poke  -  Stanford 

Pimental  -  University  of  California 
Carr  -  Piiillips  Petroleum 
Moe  -  Aerojet 

liann  -  National  Bureau  of  Standards 
Gordy  -  Duke 

Herzfeld  -  National  Bureau  of  Standards 

Foner  -  Applied  Physics  Laboratory,  Johns  Hopkins 

Griffing  -  Catholic  University 

Mulliken  -  University  of  Chicago 

Mattarese  -  Naval  Research  Laboratory 

Ambler  -  National  Bureau  of  Standards 

Davidson  -  California  Institute  of  Technology 

Broida  -  National  Bureau  of  Standards 

Livingston  -  Oak  Ridge 

Matheson  -  Argonno 

Alscr  -  Naval  Radiological  Defense  Laboratory. 

Hyperfine  splitting  has  been  reported  by  Norberg  at  Washington 
University,  Fraenkel  at  Columbia,  Foner  at  APL,  Anderson  at 
University  of  Maryland,  and  Livingston  at  Oak  Ridge.  Wertz  at 
University  of  Minnesota  in  working  with  nuclear  resonance. 
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Specific  studies  of  the  properties  of  free  rudici&s  and  free 
atoms  by  various  means  in  being  pm*;;  Kid  by:- 

Ando r non  -  University  of  Maryland 
Cross  -  University  of  Wnsliingtori 
Mann  -  national  'bureau  of  Gtandards 
Hornig  -  Brown  'Jnivornlty 
Griffing  -  Catholic  University 
Slater  -  Jlassarhusotts  Institute  of  Teclinology 
Giaquo  -  University  of  California 
•Long  -  University  of  Chicago 

lloerl,  Furukuwa,  and  Bro vn  -  national  Bureau  of  Standards 
Bice  -  Catholic  University 
Livingston  -  Oak  Hidge 

Uaucr  at  kBJG  is  using  X  ray  diffraction,  and  Mein  of  Olin  Matldeson 
at  WHS,  field  emission  Microscopy. 

Means  to  estimate  concentration  of  free  radicul3  are  being 
explored  by  Fracnkcl  at  Columbia,  Bretton  at  Yale,  limn  at  NBS, 
and  3oyd  at  IT3S.  Voe  at  /aerojet,  Carr  at  Phillips  Petroleum,  and 
Furukava  at  UOS  arc  using  calorimetry  to  estimate  concentration. 
Kistiokowsky  at  Harvard  and  Dibeler  at  U35  ore  using  ms3  spectrometry 

Stabilisation  and  Storage 

The  most  challenging  problem  of  all  in  the  utilization  of  free 
radicals  for  ultra  energy  propellants  Is  that  of  stabilization  and 
storage .  Steacie  writes  in  effect  that  free  radicals  are  not 
inherently  unstable;  they  arc  just  highly  reactive.  Tills  is  not 
just  a  Iiyperfine  splitting  of  filaments. 


Stabilization  is  really  a  misnomer.  Furthermore,  everybody 
knows  that  a  stable  is  a  building  where  horses  are  lodged  and  fed. 
On  the  other  hand,  we  are  trying  to  lodge  free  radicals,  so 
stabilization  of  free  radicals  may  not  be  such  a  misnomer  afterall. 
As  long  as  everyone  understands  the  context  of  stabilization,  lets 
consider  the  reaction  rate. 


The  basic  equation  of  chemical  kinetics  governing  free  radical 
reactions  is  the  Arrhenius  expression  in  which  the  rate  is  a  function 
of  temperature,  activation  energy,  collision  factor,  and  the  steric 
or  probability  factor.  Considerable  treatment  of  these  factors  and 
means  of  stabilization  vliich  they  suggest  are  given  by  Steacie,'? 
Aerojet,  3  WADC,  ^  and  others. 


The  problem  is  difficult  because  free  radicals  require  little 
or  no  activation  cne'rjjy  to  recombine.  lowering  the  temperature  will 
certainly  slow  recombination.  Immobilizing  the  radicals  or  locking 
them  up  in  a  solid  inert  matrix  keeps  them  from  colliding  and 
recombining.  Wien  they  do  collide  their  probability  of  recombining 
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is  close  to  one.  A  possible  means  of  tampering  with  the  probability 
would  be  to  separate  the  radicals  whose  electron  lias  a  left  hand 
spin  from  tliosc  radicals  whose  electron  lias,  a  right  hand  spin  at 
the  time  they  arc  produced,  and  of  keeping  the  spins  alibied  by  a 
magnetic  field.  There  is  also  a  catalytic  wall  effect  to  contend 
with.  The  energy  of  recombination  is  so  era  at  that  a  three  body 
collision  is  believed  necessary  to  absorb  all  the  energy  that  is 
liberated.  Evidence  points  to  the  fact  that  the  wall  is  a 
convenient  tliird  body  because  it  just  happens  to  be  there,  and  it 
gets  scorched  for  its  trouble. 

tost  of  the  fi*cc  radicals  of  interest  !iave  been  produced  at 
high  temperatures  and  stabilized  in  gram  quantities  by  freezing  in 
ar.  inert  'matrix  at  extremely  low  temperatures  before  they  can 
recombine.  The  conccntx-ations  stabilized  however  have  not 
exceeded  much  more  tlion  one  percent  to  date.  Present  indications 
are  that  to  stabilize  in  t’uis  manner,  the  ratio  of  inert  matrix  to 
active  species  must  exceed  a  ratio  of  one  hundred  to  one.  Recall 
tiiat  free  radical  propellants  begin  to  show  interesting  performance 
at  ten  percent  concentration.  Nuclear,  X,  ultra  violet,  and  visible 
irradiation  of  parent  molecular  substances  at  low  tcmpcratvrrcs  are 
promising  means  of  producing  and  stabilizing  free  radicals  in 
3itu.  A  large  charge  of  energy  is  required  both  to  disrupt  the 
molecular  bond  and  to  wallop  the  fragments  into  different  cages 
in  the  lattice  where  they  cannot  recombine. 

Broida  reported  his  own  work  in  low  temperature 
stabilization  and  summarized  other  pertinent  experimental  work  in 
torch  1956*  tore  recent  progress  in  production,  identification, 
and  stabilization  of  free  radicals  was  reported  by  many  investi¬ 
gators  at  the  symposium  at  Laval  University,  September  19i>o. 

Stabilization  of  free  radicals  in  amorphous  structure,  viscous 
liquids,* and  on  large  surfaces  bears  investigation.  Synthesis  of 
radical  producing  chemical  compounds  is  a  possible  means  of  storage. 
Inliibition  of  free  radicals  by  chemical  means  would  be  perhaps  the  . 
ideal  way  to  do  it.  Unfortunately  the  free  radical  "inhibitors"  of 
conventional  chemical  chain  reactions  merely  react  with  the  free 
radical  intermediates,  taking  them  out  of  circulation  before  they' 
propagate  more  free  radicals.  That  mechanism  is  no  help.  Some 
materials  are  catalytic,  some  arc  inert,  but  no  materials  known  at 
this  time  ore '^onti -catalytic” to  free  radical  recombination.  That 
possibility  Seems  as  remote  as  anti-matter. 

As  an  engineer,  a  last  observation  screams  at  me,  and  that  is 
the  futility  of  reaction  rate  calculations  that  are  based  on 
experimental  or  assumed  values  of  activation  energies,  steric  factors, 
and  collision  factors  which  may  be  off  by  a  factor  up  to  10^,  If 
the  minimum  objective  of  tills  program  is  to  increase  the 
concentration  of  radicals  stabilised  by  one  magnitude,  it  would 
seem  necessary  to  obtain  basic  information  accurate  to  better  than 
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throe  magnitudes .  Fore  accurate  data  m Ight  indicate  a  shift  in 
CMphusls  in  the  approaches  toward  influencing  the  .reaction'  rate. 

Further  study  of  the  determinant  factors  occur,  necessary; 

To  summarize  stabilization,  I  think  everyone  agrees  tliat 
putting  radicals  in  stables  is  a  tough  job. 

■Work  on  stabilization  in  the  low  temperature  regimes  is 
underway  by:- 

Gigucrc  -  Laval 
Pakc  -  Stanford, 

PLwcntal  -  University  of  California 
Carr  -  Phillips  Petroleum 

Foncr  -  Applied  Pliysics  Laboratory  of  Johns  Hopkins 

Anderson  -  University  of  Maryland 

Cabrera  -  University  of  Virginia 

Davidson  -  California  Institute  of  Technology 

Giaqae  -  University  of  California 

Long  -  University  of  Chicago 

I'fiucr,  Wall,  Hocrl,  and  Broida  -  National  Bureau  of  Standards 

Ruchrivein  -  Monsanto  at  National  bureau  of  Standards 

Rice  -  Catholic  University 

Livingston  -  Oak  Ridge 

Mathcson  -  Argonne 

Working  to  trap  free  radicals  in  a  crystalline  matrix, 
predominantly  at  low  temperature,  are:- 
Giguere  -  Laval 
Fracnkel  -  Columbia 
PLv.cntal  -  University  of  California 
Foncr  -  Applied  Pliysics  Laboratory  of  Joins  Hopkins 
Davidson  -  California  Institute  of  Technology 
Anderson  -  University  of  Maryland 

toucr,  Boyd,  Florin,  iloerl,  and  Prosen  -  National  Bureau  of 
Standards 

Livingston  -  Oak  Ridge 
1-is.theson  -  Argonne 

Norberg  of  Washington  University  and  Carr  of  Phillips  Petroleum 
are  investigating  tramming  of  free  radicals  in  viscuous  liquids,  and 
on  large  surfaces . 

Pellajj  at  CalTech  and  Broida  of  NBS  are  collaborating  on 
stabilization  of  free  radicals  by  alignment  of  electron  spins. 

Giguere  at  Laval  is  studying  the  influence  of  the  physical 
parameters  on  stabilization.  Giguere  and  ilartock  of  Rensselaer 
are  studying  non-catalytio  materials. 

Collins  at  MET  is  doing  cryogenics  research  on  large  scale 
preparation  of  liquid  helium  and  other  efforts  ore  being  made  on 
techniques  for  -handling. 
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Itaaytion  Is  closely  related  to  stabilization  in  that  controlling 
the  reaction ‘la  the  key  to  both.  If  free  radicals  are  .ever 
stabilized  o:qie fljr.cn telly  In  sufficient  concentration,  the  moans  of 
stabilization  would  suggest  ways  of  controlling  the  subsequent 
reaction.  In  any  event,  inducing  free  nidi  cola  to  combine  la  not  a 
problem.  To  estimate  the  concentration  of  radicals  present  by 
calorimetry,  it  is  necessary  only  to  warn)  the  contents  slightly  to 
produce  recombination  widen  is  evidenced  hy  heat  evolution.  At 
least  one  Instance-^  has  been  reported  in  which  warming  produced  a 
violent  explosion.  It  is  well  to  realize  that  a  container  of  the 
free  radical  propellants  postulated  would  have  all  the  elements  of 
a  super-lilgh  explosive.  A  knowledge  of  recombination  rates  is 
certainly  essential,  as  well  as  other  data  on  chemical  and  physical 
properties . 

Catalysis  offers  promise  as  a  means  of  controlling  recombination. 
Iiarteek  at  Rensselaer  n as  found  taut  gold  ‘.rill  catalyse  the  recombin¬ 
ation  of  gaseous  0  and  that  aluminum  is  inert  insofar  as  recombination 
of  0  is  concerned,  lie  demonstrated  a  heat  evolution  (and  hence 
thrust)  in  a  crude  'airbreathing"  engine  in  the  laboratory.  In 
connection  with  Zcllikoff’s  studies  at  the  A?  Cambridge  Research 
Center,  it  was  demonstrated  that  there  is  encr;^  available  in  the 
upper,  atmosphere  that  can  bo  liberated  by  a  suitable  catalyst. 

An  Aerobcc  rocket  at  «.i0  miles  altitude  discharged  nitric  oxide 
which  catalyzed  the  recombination  of  atomic  oxygen  in  the  upper 
atmosphere,  producing  a  visible  glow  in  the  sky. 

An  approach  for  stuilying  free  radical  propellant  systems  at 
this  time  lias  been  suggested  if  a  model  propellant  xrilth 

unreacted  chemicals  of  extreir.ely  low  activation  energy  contained  in 
a  solid  matrix  could  be  prepared,  this  would  be  analogous  to  the 
kinetics  and  handling  anticipated  with  the  free  radical  propellants 
postulated.  Some  work  along  this  line  xrould  give  us  a  feel  for  the 
problems  of  free  radical  propellants. 

It  is  premature  at  this  time  to  judge  the  feasibility  of  free 
radical  propellents  on  tho  basis  of  their  compatibility  with 
current  engine  hardwire  concepts.  According  to  Aerojet  calculations 
with  hydrogen,  at  temperatures  above  3000°K,  performance  decreases 
as  chamber  pressure  increases  because  of  suppression  dissociation. 

It  is  therefore  desirable  in  liigh  temperature  regimes  with  free 
radical  propellants  to  operate  at  as  low  a  chamber  pressure  as 
feasible  and  still  maintain  a  20.1  pressure  ratio.  Conventional 
combustion  parameters  such  an  combustion  time  delay,  deflagration, 
detonation,  chamber  characteristic  length  have  a  radically  -  changed 
significance.  Would  wall  effects  reverse  the  familiar  temperature 
profile  across  a  chamber';  Every  start  and  shutdown  with  a  free 
•  radical  propellant  would  be  fuel  rich.  What  happens  when  a  hot 
combustible  gas  like  hydrogen  is  belched  out  at  25000  feet  per 
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second  Into  an  oxidizing  atiaoaphcrol  Would  tills  be  a  floors  thrower 
of  gigantic  proportions  with  an  invisible  flame?  Would  tills 
necessitate  on  afterburner  or  imply  a  ducted  rocket?  How  large  a 
specific  ir.jpulsc  would  tliat  give  us?  A  fresh  engineering  design 
approach  Tri.ll  have  to  be  evolved  and  tailored  aromid  the 
charae tori sties  of  the  free  radical  propellant,  if  any,  that  is 
ultimately  evolved. 

Recombination  reaction  rates  arc  being  studied  by  the  folloiri.ng 
investigators: 

llartccl;  -  Rensselaer  Polytcciwle  Iiistitutc 

Korberg  -  Washington  University 

Cross  -  University  of  Wasiiington 

Livingston  -  University  of  Minnesota 

Anderson  -  University  of  Maryland 

Pakc  -  Stanford  University 

Lichtin  -  Boston  University 

Boudart  -  Princeton  University 

Carr  -  Phillips  Petroleum 

Marcus  -  Brooklyn  Polytechnic  Institute 

Davidson  -  California  Institute  of  Tcclmology 

Rornig  -  Brown  University 

Rice  -  Catholic  University 

Livingston  -  Oak  Ridge  Rational  Laboratory 

llerzfeld  -  Rational  Bureau  of  Standards 

Golden  of  Brondeis  -  Rational  Bureau  of  Standards 

Pilon  -  Rational  Bureau  of  Standards 

Minkoff  of  Imperial  College  -  Rational  Bureau  of  Standards 
lloerl  -  Rational  Bureau  of  Standards 
Furukawa  -  National  Bureau  of  Standards 
Dibeler  -  Rational  Bureau  of  Standards 
Florin  -  Rational  Bureau  of  Standards 
Kucntzel  of  Wyandotte  -  Rational  Bureau  of  Standards 
Fontana  of  California  Research  Corporation  -  Rational 
Bureau  of  Standards 

Reaction  of  free  radicals  with  other  species  is  being 
investigated  by: 

Giguere  -  Laval  University 

Zelicoff  -  AF  Cambridge  Research  Center 

Lichtin  -  Boston  University 

Linnctt  -  Oxford  University 

Davidson  -  California  Institute  of  Technology 

Rabinovich  -  Wasiiington  University 

S swore  -  New  York  State  Forestry 

Florin  -  National  Bureau  of  Standards 

Ruehrwciu  of  Monsanto  -  Rational  Bureau  of  Standards 

Klein  of  Olln  Mathioson  -  Rational  'uroau  of  Standards 
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Reaction  under  conditions  simulating  interstellar  matter  lit 
bo  inti  investigated  by  Donn  of  Wayne  University  at  MBS.  Pro3on  at 
NB3  is  studying  reactions  induced  by  ultra  violet  radiation.  Reaction 
products  arc  being  studied  by  Gigucre  at  Laval  University  and 
Lichtin  at  boston  University. 

Catalysis  is  being  investigated  by  farted'.  at  Rensselaer, 

Zolicoff  at  AF  Cambridge  Research  Center,  GLguerc  at  Laval  and 
Boudart  at  Princeton.  • 

Curmary  and  Conclusions 

In  tills  survey  of  US  Government  sponsored  research  on  free 
radicals,  the  existing  programs  of  the  Air  Force  Office  of 
Scientific  Research,  Cambridge  Research  Center,  Wright  Air 
Development  Center,  the  Office  of  Naval  Rcscorcii,  Office  of 
Ordnance  Research,  National  Bureau  of  Standards,  Atomic  Energy 
Commission,  and  the  National  Science  Foundation  were  reported  on. 
Additional  studies  arc  being  initiated. 

I  am  ai/ore  of  considerable  additional  research  underway  in 
Canada,  but  I  was  unable  to  include  it  in  this  paper.  Knowledge 
of  any  other  work  pertinent  to  free  radical  propellants  would  be  of 
definite  interest  to  the  Department  of  Defense.  t<y  sincere  apologies 
if  I  missed  any  research  projects  in  this  survey. 

To  date,  the  only  investigators  who  iiavc  trapped  and  stored 
active  free  radicals  successi'ully  in  large  concentrations  at 
ambient  temperature  are  from  the  Federal  Bureau  of  Investigation. 

A  great  deal  of  basic  research  remains  to  be  done.  While  the 
technological  feasibility  of  this  effort  cannot  yet  be  judged,  I 
am  reasonably  optimistic  for  several  reasons: 

1.  The  progress  wliich  has  been  made  in  recent  years. 

2.  The  caliber  of  the  scientists  engaged  in  this  work  and 
their  dedication  to  the  effort. 

3.  The  increased  emphasis  on  research  by  the  government  and 
the  industry. 

As  is  characteristic  of  exploratory  research,  the  new  Icnovledge 
being  generated  cay  reveal  that  free  radical  propellants  as  now 
conceived  are  not  feasible.  However,  the  insight  which  is  being 
gained  into  chemical  and  physical  mechanisms  will  more  than  pay 
for  itself  in  industrial  and  military  applications.  Basic 
•  knowledge  is  like  money.  It  can  be  applied  to  many  tilings.  In 
that  sense  we  can't  miss. 
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1  ABSTRACT 

a.  The  effect  of  varying  the  exhaust  gas  velocity  of  a  rocket  so  that 
the  exhaust  gases  possess  little  or  no  kinetic  energy  in  an  earth  ob¬ 
serve  rs' frame  of  reference  is  examined.  Under  certain  boundary 
conditions  an  improvement  in  terminal  velocity  of  10  to  20%  is 
obtained  relative  to  a  rocket  with  fixed  exhaust  velocity. 

b.  Given  a  fixed  budget  of  energy  per  unit  payload  mass,  the  op¬ 
timum  mass  of  working  fluid  into  which  to  distribute  this  energy 
(for  maximum  burnout  speed)  is  calculated  as  a  function  of  gravita¬ 
tional  field  strength. 

II  INTRODUCTION 

A  considerable  fraction  of  the  propellant  energy  of  a  rocket  is 
dissipated  in  the  exhaust,  which  even  if  expanded  with  100%  thermo¬ 
dynamic  efficiency,  trails  along  after  or  away  from  the  rocket  at 
high  speed,  carrying  energy  which  would  preferably  have  been  re¬ 
tained  in  the  payload.  The  conventional  chemical  propellant  must  be 
ejected  at  constant  speed  with  respect  to  the  rocket,  a  relatively 
inefficient  process.  Recent  general  interest  in  the  use  of  nuclear 
energy  for  rocket  propulsion  suggests  the  possibility  that  the  ex¬ 
haust  velocity  of  a  rocket  may  become  a  controlled  variable  rather 
than  a  constant  as  it  has  been  so  far.  This  paper  will  calculate  the 
relative  performance  of  rockets  with  tape  red-velocity  and  fixed- 
velocity  exhaust  under  certain  boundary  constraints,  and  show  that 
improvement  in  payload  velocity  can  be  obtained.  An  additional 
calculation  will  be  made  to  show  certain  optimum  circumstances 
under  which  a  constant  but  arbitrarily  adjustable  exhaust  velocity 
may  be  used. 


id 


Ill  STATEMENT  OF  THE  PROBLEMS 

Two  problems  will  be  examined* 

a.  Given  two  rockets  with  identical  mass  ratios,  mass  flow 
rates,  and  propellant  masses,  what  will  be  the  ratio  of  their  burn¬ 
out  velocities  if  they  consume  amounts  of  energy  which  are  equal, 
but  distributed  in  the  first  one  in  such  a  way  as  to  cause  the  exhaust 
trail  to  have  zero  (or  small)  velocity  relative  to  ground,  and  in  the 
second  in  the  usual  manner  with  a  fixed  velocity  relative  to  the 
rocket?  Presumably  the  first  distribution  should  be  more  efficient, 
since  more  of  the  propellant  energy  goes  into  the  payload. 

b.  Suppose  we  arc  given  a  fixed  amount  of  energy  which  may 
be  distributed  uniformly  into  any  desired  fraction  £  of  the  mass  of  a 
rocket  in  order  to  propel  the  remaining  fraction  1-  £  .  What  is  the 
value  of  ^  which  will  result  in  the  highest  terminal  velocity  of  the 
residue?  The  possibility  of  optimum  £  is  intuitively  evident,  since 
with  fixed  energy,  if  £  is  too  low,  not  much  momentum  will  result 
per  unit  energy  expended,  while  if  £  is  too  high  the  consequent  low 
exhaust  velocity  will  reduce  performance. 

In  both  the  above  problems  it  has  been  assumed  that  any  arbi¬ 
trary  amount  of  energy  may  be  associated  with  a  unit  mass;  in  other 
words,  temperature  is  not  a  limiting  factor.  This  is  not  true  at 
present,  but  there  is  no  a  priori  reason  to  believe  that  the  contain¬ 
ment  of  high  temperature  matter  is  an  unsolvable  problem. 


IV  THE  TAPERED  EXHAUST  VELOCITY  PROGRAM 


The  equation  of  motion  of  a  rocket  moving  vertically,  and 
possessing  at  t  =  0  an  initial  exhaust  velocity  c  which  increases  by 
the  same  amount  that  the  vehicle  speed  increases,  is 

frt  i 


(Mq  -  mt)(a  +  g)  =  m|Jo 


adt  +  c 


Where  M  =  initial  total  mass 
m  =  mass  flow  rate 

a  =  upward  acceleration  relative  to  ground 
g  =  constant  gravitational  field  acceleration 
cq  =  initial  (constant)  exhaust  velocity 

This  may  be  reduced  by  differentiation  to 

da  _  dt 

Za  +  g  "  t  -  t  (2 
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Where  t  =  M  /m. 
o.o 

If  the  initial  acceleration  is  a  (: 


c  m 
o 


TvT 


K) 


then  (2)  may  be  integrated  twice  to  give 
,  ,  ^*0.  ,  t  i  Rt 

v  =  (co  --r,(t-rT)  ~r 


(3) 


Where  v'  is-thc  vehicle  velocity  upward.  At  burnout, 

t  =  t,=  C  M  / rh  =  rt  ,  where 
b  *  o  ’  o 


„  R  -  1 
*  =  R 


R  = 


M 

=  loading  fraction 

o  p 
M  +  M 

=  — ^ - 2—  =  mass  ratio 


The  velocity  at  burnout  (t  =  t^)  follows  from  (3) 


v'b  =  cq(R  -  1)  -  -2~(R  +  1) 


(4) 


Let  us  define  a  gravity  loss  parameter  =  gt^/c,  which  is 
essentially  the  decrease  in  missile  speed  at  burnout  caused  by  the 
gravitational  deceleration  measured  in  multiples  of  an  exhaust 
velocity  c.  This  exhaust  velocity  c  is  that  of  an  equal  energy  rocket 
of  constant  exhaust  velocity.  It  will  presently  be  related  to  c  . 
Using  Yb  in  (4),  we  arrive  at  ° 


i  /r»  i  \/i  R  +  1  C  , 

v b  ~  Co  R~ 1  R  -  i  *  c  * 

o 


(5) 


The  velocity  reached  by  a  conventional  rocket  with  the 
same  R  and  burning  time  t'b  is 


=  clnR-gtb  =  c  |lnR-ybj 


(6) 


We  may  then  express  the  ratio  of  the  burnout  velocities  of  the 
tapered  c  vs  constant  c  vehicles  as 

i  «  /d  i  ^  R >1  c  . 

v  b  _  °  R  i  'R7r,~) 

vb  c(lnR  -  yb) 
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inK-v, 


*b  R  +  1  , 

T~-  W~rj] 


The  two  rockets  must  expend  equal  energies,  as  well  as  have 

the  same  values  of  M  ,  m,  R,  and  t,  ;  c  and  c  are  therefore 

n  b  o 

related.  The  energy  equivalence  may  bo  expressed  as 


rv 


2  J(v'  f  «.]  "" 


Where  c  =  exhaust  velocity  of  constant-c  rocket 
m  “total  propellant  mass  of  either  rocket 
m*5  =  constant  mass  flow  rate  of  cither  rocket 
v*  =  instantaneous  velocity  of  tapered-c  rocket 

Substituting  (3)  in  (8)  and  simplifying,  after  extensive  algebra, 
results  in 


1  -vf/12 


We  may  now  eliminate  cq/c  from  (7)  by  the  use  of  (9)  and  have 
the  comparison  v' /v,  in  terms  of  the  two  fundamental  parameters 

n  .  D  D 


R  and  y^. 


A  typical  value  of  y^  =  gt^/c  is  .  25.  In  efficient  rockets,  it  is 
seldom  that  y^>l.  Therefore  we  may  neglect  y^/12  relative  to 
unity  and  simplify  (10)  to: 


lb  O  |R 


Values  of  v^/v^  are  shown  in  Table  I,  and  plotted  in  Figure  i, 

indicating  the  effect  of  the  tapered  exhaust  velocity  on  W/v^*  R  can 
be  seen  that  in  field-free  space  (y  =  0)  at  R  =  5,  an  11%  improve- 
ment  in  relative  terminal  velocity  can  be  obtained.  In  the  presence 
of  gravitational  fields,  the  ratio  is  increased,  although  both 
velocities  decrease,  of  course,  in  absolute  magnitude. 
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V  MAXIMUM  TEMPERATURE  OF  TAPER  ED  EXHAUST 


If  the  exhaust  stream  is  produced  by  thermal  expansion,  the 
temperature  of  the  gas  reservoir  will  be  proportional  to  the  square 
of  the  exhaust  velocity  relative  to  the  rocket.  The  maximum  tem¬ 
perature  will  be  reached  at  burnout  in  the  ta.pe red -c  case.  The  ratio 
of  maximum  temperatures  T'^/T^,  tapered  to  constant  operation, 
will  be 


m 


m 


T'  ,v  i  c 
m  (  b  o) 

T - = - 2 - 

m  c 


(12) 


Let  us  use  relations  (5)  and  (9)  to  evaluate  the  field-free  case 

<Yb  =  0). 


(c  [r-i]  +  c  )"  c  ^  , 

O  1  J  O  o  r>2 

7 - 2 - =  ~T  ’  K  =  K 

me  c 


m 


(13) 


For  example,  we  sec  from  Table  I  that  an  11%  improvement  in 

v^(R  =  5)  results  in  a  five-fold  rise  in  maximum  temperature.  If 

equation  (12)  is  evaluated  for  R  =  3  and  y,  =  0.  25,  the  ratio 

T'  /T  becomes  4.4.  D 

mm 


VI  MAXIMUM  VELOCITY  OF  TAPERED  EXHAUST 


The  maximum  exhaust  velocity  c'  of  the  tapered-c  rocket, 
relative  to  the  fixed  exhaust  c,  is  given  by 


c'  v',  +  c 

max  •  b  o 


c  c 

o 


Using  equations  (4)  and  (9)  and  the  fact  that  gt^  =  cy^  leads  to 


Thus  for  R  =  5  and  y^  =  0.  25;  c'^/c  =  2.  11.  If  y^  =  0, 

c*  /c  =Vr  =  2.  24.  The  total  span  of  exhaust  velocities 
m  5 

c*  /c  =  3.7,  whereas  if  y,  =  0;  c'  /c  =  R  =  5.  This  indicates 
m  o  '  b  mo 

that  c^  is  substantially  lower  in  field-free  space  than  on  the 
earth's  surface. 


Vll  COMMENTS  ON  TA PR-RED  EXHAUST  U'OCKET 

The  initial  exhaust  velocity  cQ  must  be  determined  by  equating 
total  energy  in  the  propellant  in  the  uniform  and  tapered  programs. 

If  it  is  desired  that  the  tapered  exhaust  be  absolutely  motionless  with 
respect  to  an  earth  observer,  it  is  necessary  to  start  off  the  rocket 
With  a  boost  velocity  equal  to  cQ.  This  will  modify  equation  (4)  and 
all  subsequent  equations  involving  (4). 

The  preceding  calculations  are  of  interest  primarily  in  situa¬ 
tions  where  energy  is  limited  in  quantity  and  there  is  no  penalty 
associated  with  high  rate  of  release  of  energy,  (i.e.  Power  or 
temperature  not  limiting).  This  is  in  fact  the  reverse  of  conditions 
governing  present  chemical  rockets.  However,  there  are  propulsion 
techniques,  such  as  accelerated  particle  beams,  in  which  the  con¬ 
trolling  factors  may  differ  from  those  of  present  conventional  engines. 


VIII  OPTIMUM  MASS  RATIO  WITH  FIXED  ENERGY 

PER  UNIT  PAYLOAD 

Let  us  assume  that  a  fixed  amount  of  energy  E/m  per  unit  pay- 
load  mQ  can  be  distributed  over  a  propellant  mass  m  ?  and  that  a 
constant  mass  flow  rate  m  and  exhaust  velocity  c  wilPbe  used.  What 
mass  ratio  R  =  (m  +  m  )/m  will  provide  maximum  terminal  velo¬ 
city  for  m  ?  p  °  ° 

o 

If  the  energy  E  is  distributed  uniformly  over  the  working  fluid 
mass  mp»  then  the  ideal  exhaust  velocity  c  is  given  by 

E  =  (.  5)mpc2  (15) 


Inserting  this  c  into  the  conventional  velocity  equation  (6)  gives 


c  m  +  m 
_  .2E  v>5  .  #  p  o 

v  =  ( - )  ln — £ - 

b  m  m 


)  -  gt. 


(16) 


We  may  express  this  v^  in  terms  of  the  fundamental  quantities 
mass  ratio  R  and  initial  acceleration  ratio  a  =  a  /g  by  means  of  the 
following  relations:  ° 


m  +  m 
R  = — ° 


m 


.5  .  ,5  m  •  5 

1  x  i  o 


.5 


(~)  =(-—)  (=^>  =  /_!_)  ( _ L_) 

m  m  m  \  m  •  '  n  i  • 

p  op  m0 


.5 


(17) 


(18) 
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rn  R-l4(mofmp) 
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Ktb =  gif? =  g(-ir) 

,m  +  m 


„  R-l  ("  p  r  "  o) 
gtb  =  g  IT  "JLT — c 


,  _  /R-U  Rc 

g*b  ^  R  a  t  g 
o 


.  ,R-1.  c 

gtb  =  (-IT)  TT7 


(19) 


Where  F  =  constant  thrust,  and  a  is  the  initial  acceleration  in 
a  direction  opposite  to  the  gravitational  field,  with  a  =  a  /g. 
Substituting  (19)  and  (18)  into  (16)  ° 


\  =  <HT-> 5  <kV»  5  <l"R  -  KJTTTr' 


(20) 


We  shall  now  examine  (20)  to  see  if  v^  has  a  maximum  with 
respect  to  R.  The  available  energy  per  unit  payload.  E/m  ,  is 
presumed  to  be  specified. 

IX  CALCULATION  OF  MAXIMUM  vfe  WITH  RESPECT  TO  R 

Taking  the  derivative  of  (20)  with  respect  to  R,  and  setting  it 
equal  to  zero  results  in 


Where  R  is  mass  ratio  for  max  v,  .  We  note  that  in  field-free 
m  b 

space,  a=  aQ/g  approaches  infinity,  and  that  for  take-off  from 

earth  with  lg  upward  acceleration,  a  =  1.0.  Solving  the  trans¬ 
cendental  equation  (21)  numerically  yields  the  following  Table  II  for 

the  relation  between  a  and  R  . 

m 


X  CONCLUSION 


We  see  from  Table  II  that  in  field-free  space  a  rocket  with  mass 
ratio  5  will  give  greatest  terminal  velocity  to  m  per  unit  of  energy 
available.  To  cite  an  extreme  example  ^  if  m  =  i  ton,  and  E  is 
that  energy  available  from  the  fission  of  3.  75  pounds  of  Uranium, 
then  the  available  by  distributing  this  E  into  the  fission  fragments 

uncussifieq' 
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only, could  be*  multiplied  more  than  forty-fold  by  distributing  this 
same  E  instead  into  4  tons  of  inert  working  fluid. 


Ref  (1)  H.  S.  Seifert  and  M.  M.  Mills.  Physical  Review,  71: 
279,  1947,  and  by  same  authors, ”3otVropulsioh  LaF 
Memo  3-4,  Jan.  23,  1947. 


TAKE-OFF  ACCELERATION  VS.  OPTIMUM  MASS  RATIO 
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HYDROGEN  PEROXIDE  PROPELLANTS 


Andrew  J,  Kubica  &  John  H.  Keefe 
Becco  Chemical  Division  of  Food  Machinery  Sc  Chemical  Cor p. 

Buffalo,  Mew  York 


I.  INTRODUCTION 

Concentrated  hydrogen  peroxide  has  been  used  for  many  years 
as  an  oxidant  for  rocket  propulsion  projects  and  related  applications. 
Many  of  these  applications  have  been  of  European  origin,  principally 
in  war-time  Germany  and  in  present  day  England.  In  the  United  States, 
hydrogen  peroxide  has  found  acceptance  as  a  monopropellant.  The 
U.  S.  Navy  has  sponsored  the  development  of  hydrogen  peroxide  as  an 
oxidant  in  underwater  propulsion  systems  and,  more  recently,  as  an 
oxidant  in  rocket  systems  especially  for  superperformance  of  manned 
jet  aircraft.  There  i3  considerable  information  available  on  the 
use  of  hydrogen  peroxide  for  such  applications  which  will  not  be 
presented  in  this  paper.  This  paper  will  be  confined  to  a  summary 
of  recent  research  work  on  hydrogen  peroxide  and  on  low  freezing 
hydrogen  peroxide-based  monopropellants  and  oxidants. 

The  propellants  which  will  be  discussed  are  (a)  an  aqueous 
solution  containing  90 %  by  weight  hydrogen  peroxide,  (b)  an  essen¬ 
tially  anhydrous  hydrogen  peroxide  containing  more  than  99%  by 
weight  HjOa,  (c)  a  mixed  oxidant  consisting  of  $$%  by  weight  H2O2, 

395S  ammonium  nitrate  and  6%  water  and  (d)  a  mixed  monopropellant 
consisting  of  67. 3’, I  by  weight  H2O2,  6,6%  diethylene  glycol  and  2$,6% 
HaO  (BMP-DEG  monopropellant).  The  properties  of  these  four  pro¬ 
pellants  will  be  compared.  The  effects  of  these  properties  on 
handling  and  on  design  criteria  will  be  discussed. 

II.  PROPERTIES  OF  THE  PROPELLANTS 

A,  Physical  Properties 

A  summary  of  the  important  physical  properties  of  the 
propellants  is  shown  in  Table  I.  Heat  capacity  vs.  temperature,  for 
90  and  100*,?  Ha0 a  is  presented  in  Figure  I  (SP-2007).  It  is  seen 
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that  all  four  propellants  P033033  the  desirable  property  of  being 
high  density  solutions,  The  freezing  poLnts  shown  are,  more 
correctly,  the  temperature  points  at  which  the  flr3t  crystals  appear. 
All  four  propellants  contract  on  freezing  and  all  generally  super¬ 
cool  at  lea3t  20  to  2$°F  below  their  true  crystallization  point. 
However,  for  cold  weather  applications  supercooling  cannot  be 
depended  on  to  prevent  freezing.  It  is  because  of  this  that  the 
HaOa-based  oxidant  and  raonopropellant  solutions  aro  being  developed; 
those  solutions  have  crystallization  points  of  -hO*F  or  lower 
depending  on  the  water  content.  For  cold  weather  applications  of 
9C#  and  10<$  Ha0a,  the  sensible  heat  of  the  solution  affords  some 
protection  against  freezing. .  A  device  is  presently  being  developed 
that  will  utilize  tha  heat  of  decomposition  of  part  of  the  stored 
Ha0a  to  prevent  freezing  of  the  bulk  of  the  solution. 

None  of  the  propellants  is  flammable.  All  will  support 
combustion  of  flammable  materials.  If  90  or  IOC#  contacts  a 
flammable  material  containing  a  catalyst,  such  as  ru3t,  decomposition 
of  the  Ha0a  will  occur  and  the  rise  in  temperature  will  generally 
cause  ignition  of  the  flammable  material.  This  Droperty  is  important 
in  providing  smooth  ignition  and  combustion  in  bipropellant  systems. 
The  adiabatic  decomposition  temperature  of  the  H^a-NH^NO^  oxidant 
is  shown  to  be  ll;79*F.  It  is  difficult  to  achieve  this  temperature 
by  catalytic  decomposition  because  complete  decomposition  of  the  Ha0a 
and  also  of  tha  less  reactive  ammonium  nitrate  must  be  obtained. 
However,  pressure,  as  well  as  temperature  assists  in  the  decomposition 
of  the  ammonium  nitrate  and  this  is  utilized  in  catalytic  decomposers. 

The  BMP-DEG  raonopropellant  appears  to  be  noninflam¬ 
mable.  In  a  laboratory  flammability  test,  passing  a  flame  over  the 
solution  at  77 “F  and  150®F  did  not  cause  either  the  vapors  or  the 
solution  to  ignite. 

If  the  Ha0a  present  in  the  BMP-PEG  raonopropellant  is 
decomposed  in  a  catalyst  chamber,  the  glycol  will  ignite  and  an 
1800 °F  flame  temperature  will  be  reached. 

If  a  stable  BMP-DEG  solution  is  maintained  at  or  near 
its  boiling  point,  the  water,  which  is  the  most  volatile  component, 
will  boil  away  and  the  residual  mixture  will  increase  in  Ha0a  and 
fuel  concentration.  If  boiling  is  continued  the  change  in  composi¬ 
tion  can  produce  an  explosive  mixture.  Care  must  be  taken  to  pre¬ 
vent  containers  of  BMP-DEG  solutions,  a3  well  as  other  Ha0a 
propellants,  from  being  exposed  to  external  fires. 

Other  fuel  components  for  monopropellant  solutions  are 
being  investigated  in  an  attempt  to  develop  a  solution  whose  com¬ 
position  would  not  change  on  boiling. 
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B,  Ccqpatibllity  of  Materials 

The  materials  which  can  be  used  for  handling  the 
hydrogen  peroxide  oxidants  are,  in  general,  the  same  for  all  three 
oxidants,  90  and  100?  H*0*  have  been  evaluated  more  extensively 
in  this  respect  than  has  the  Ha0r*MH^K3^  solution.  However,  as 
might  be  expected,  the  results  to  date  indicate  that  materials 
suitable  for  90?  H*02  are  also  suitable  for  the  HaOa-HHiNO*  solutions, 
A  partial  list  of  the  compatibility  of  materials  with  the  H*0a  oxi¬ 
dants  is  shown  in  Table  II,  A  more  complete  list  of  materials  can 
be  found  in  Bureau  of  Aeronautics  Handbook  NAVAER  06-25-5*01  (*•).  It 
should  be  noted  that  polyethylene  is  listed  in  Table  II  as  a  class  II 
material  suitable  for  short-time  contact  prior  to  storage  or  use  of 
the  hydrogen  peroxide.  In  previous  classifications,  polyethylene 
had  been  shown  as  a  class  I  material  suitable  for  long-time  contact 
with  H jO*.  It  has  been  found  that,  in  the  presence  of  a  fire, 
polyethylene  will  melt  and  char.  Under  these  conditions,  the  poly¬ 
ethylene  will  react  explosively  with  the  H202.  Polyethylene  could 
be  used  as  a  storage  material,  but  only  if  there  is  no  possibility 
of  an  external  fire. 

Compatibility  tests  on  BMP-DEG  monopropellant  with 
various  materials  have  not  been  as  extensive  as  the  tests  with  the 
oxidants.  The  best  material  for  storage  containers  for  BMP-DEG 
monopropellants  is  1060  (99,6)  aluminum  alloy.  Other  alloys  of 
aluminum  range  between  classes  II  and  IV,  A  factor  that  must  be 
taken  into  consideration  before  making  any  recommendation  of  a 
material  of  construction  is  the  possible  corrosive  and  solvent 
property  of  the  organic  constituent  in  the  raonopropellant.  The 
solvent  action  of  the  organic  mu3t  be  considered  especially  in  the 
case  where  the  use  of  plastic  materials  is  being  contemplated, 

C.  Stability 

The  term  "stability"  embraces  a  variety  of  related 
phenomena  including  thermal  stability,  both  from  the  standpoint  of 
storage  and  of  use  in  regenerative  and  transpiration  cooling, 
resistance  to  mechanical  or  hydrodynamic  shock  and  resistance  to 
adiabatic  compression, 

A  comparison  of  the  storage  stability  of  the  four 
propellants  is  shown  in  Table  III,  Storage  stability  is  directly 
related  to  the  purity  of  the  solution,  100?  H20t  exhibits  better 
storage  stability  than  90?  H*02  because  the  fractional  crystal¬ 
lisation  process  used  in  manufacturing  100?  H202  results  in  an 
increase  in  purity.  The  lower  stability  of  the  H202-NH^N0^  solution 
results  from  the  difficulty  in  obtaining  an  extremely  pure  ammonium 
nitrate  and  similarly  the  stability  of  the  BMP-DEG  solution  depends 
on  tha  purity  of  the  diethylene  glycol  and  water. 
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90$  hydrogen  peroxide  has  been  employed  for  regenera¬ 
tive  cooling  of  rocket  thrust  chambers  in  England  and  in  the  United 
States »  Tests  at  the  II.  S.  Naval  Air  Rocket  Test  Station  have  been 
reported'*),  jn  the  HARTS  tests,  the  maximum  temperature  recorded 
at  the  coolant  jacket  outlet  was  155  *F  at  oxidant  to  fuel  weight 
ratios  from  12.21  to  ?,9U  and  300  psia  chamber  pressure.  These 
tests  were  carried  out  in  a  120  in.  L*  chamber  incorporating 
commercial  hollow-cone  spray  nozzles  made  of  stainless  steel.  The 
six  oxidizer  nozzles  were  arranged  radially  about  one  fuel  nozzle, 
their  axes  canted  Inward  at  b$*.  At  these  oxidizer-rich  ratios  a 
specific  impulse  of  13b  to  189  seconds  was  realized  with  an  average 
heat  flux  to  the  hydrogen  peroxide  ranging  from  0,7$  to  0.89 
BTU/in?/sec.  The  Naval  Air  Rocket  Test  Station  concluded  that  90$ 

Ha0a  is  usable  as  a  regenerative  coolant  and  further  study  of  the 
problem  at  higher  chamber  pressures  was  recommended. 

In  porous  wall  investigations  carried  out  at  Becco 
with  90$  Ha0a,  H20a  jacket  outlet  temperatures  were  recorded  in 
the  order  of  380 *F  when  operating  at  a  chamber  pressure  of  300  psia 
without  incident. 

Regenerative  cooling  by  100$  H20a,  or  by  H  aOa-NH^NO^ 
solution  has  not  been  reported.  However,  the  favorably  high 
oxidant  to  fuel  ratios  of  the  100$  Ha0a  and  the  H20a-NHi  NO,  oxidants 
with  JP-b  and  their  relatively  high  specific  heats  would  indicate 
that  these  oxidants  should  lend  themselves  to  such  cooling  provided 
they  are  of  sufficient  thermal  stability. 

We  believe  that,  if  optimum  chamber  design  were 
employed,  local  hot  spots  caused  by  vortices  in  conventional  helix 
combustion  chambers  could  be  eliminated  and  higher  performance 
thrust  units  at  higher  pressures  could  successfully  be  regeneratively 
cooled  with  all  three  oxidants.  Actual  firing  tests  under  all 
operating  conditions  should  be  performed. 

The  relatively  high  thermal  stability  exhibited  by 
90%  Ha0a  under  transient  conditions  was  shown  by  tests  where  the 
Ha0a  reservoir  was  pressurized  by  hot  Ha0a  decomposition  gases. 
Expulsion  tests  were  carried  out  by  General  Electric  at  their 
Malta  Test  Station.  A  curve  of  the  actual  lbs.  of  90$  hydrogen 
peroxide  expelled  from  the  oxidant  tank  per  lb.  of  90$  hydrogen 
peroxide  required  by  the  chemical  pressurizing  gas  generator  is 
shown  in  Figure  II  (SP-18bb).  A  typical  expulsion  tank  pressure 
and  temperature  vs.  time  curve  is  shown  in  Figure  III  (SP-1812). 

The  oxidant  reservoir  was  an  uninsulated  10-gallon 
surplus  oxygen  bank.  The  duration  for  total  expulsion  varied  from 
approximately  25  to  50  seconds  depending  on  the  oxidant  tank  pressure. 
Maximum  tank  temperatures  realized  at  the  top  of  the  tank  were 
approximately  500 *F.  In  one  test,  approximately  90  lbs.  of  90$  Ha0a 
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ware  pro3surlzod  with  tha  hot,  1360*F,  decomposition  gases  for 
approximately  l£  minutes  before  tha  ll20*  rran  allowed  to  be  expelled 
from  the  tank.  No  build-up  in  tank  pressure  was  experienced. 

The  pressure  drop  through  the  pressurization  gas 
generator  was  approximately  20  psi,  so  that  the  pressurization 
system  was  a  pressure  sensitive  device.  If  in  flight,  excessive 
slosh  of  the  liquid  in  the  propellant  tank  was  experienced,  thereby 
cooling  the  pressurization  gases  and  causing  a  slight  decrease  in 
the  propellant  tank  of  approximately  $  p3i,  this  increased  the 
pressure  drop  across  the  gas  generator  by  2'y%i  automatically 
increasing  the  gas  generator  flow  rate  to  compensate  for  the  cooling 
effect. 

The  four  propellants  have  been  subjected  to  a  variety 
of  tests  to  determine  their  sensitivity  to  mechanical  or  hydro- 
dynamic  shock  and  to  adiabatic  compression.  Repeated  test3  (greater 
than  50)  in  a  modified  Bureau  of  Mines  Liquid  Explosive  Impact 
Tester  have  shown  negative  results  at  an  impact  of  3  kg  meters.  The 
temperature  of  the  solution  was  varied  between  70*F  and  212 *F. 

Pipe  tests  were  used  to  determine  the  possibility  of 
propagating  a  detonation  wave  through  a  column  of  each  of  the 
propellants.  Lengths  of  schedule  80  stainless  steel  pipe,  1" 
diameter,  were  filled  to  a  depth  of  approximately  two  feet.  Number 
6  electric  blasting  caps  were  immersed  in  the  liquid  and  detonated. 

No  detonations  of  the  propellants  were  observed.  In  all  cases, 
there  was  a  barely  perceptible  bulge  in  the  pipe  wall  adjacent  to 
the  blasting  cap.  The  bulge  was  approximately  the  same  as  when 
water  was  used  in  place  of  the  propellant  solutions.  Under  con¬ 
ditions  of  higher  confinement  and  greater  shock,  a  oartial  release 
of  the  energy  of  90  to  100^6  H2O2  has  been  observed  (3). 

Aluminum  drums  filled  with  25>0  pounds  of  each  of  the 
propellants  have  been  tested  by  immersing  15>  grams  of  Herkcmite  No.  2 
dynamite  at  approximately  the  midpoint  of  the  propellants.  The 
dynamite  was  then  detonated  by  a  No.  6  blasting  cap.  In  all  cases 
the  drum  walls  were  bulged  and  in  some  Casas  the  rolling  hoop 
adjacent  to  the  dynamite  charge  was  cracked.  The  tests  were  con¬ 
ducted  with  the  propellants  at  ambient  temperature  (approximately 
J>0*F)  and  also  with  the  propellants  electrically  heated  to  160*F. 
Similar  results  were  observed  when  the  drums  were  filled  with  water. 

Card  gap  tests M  were  conducted  at  the  Naval  Air 
Rocket  Test  Station  on  the  four  propellants  at  ambient  temperature 
(approximately  60#F)  and  with  the  solutions  heated  to  160*F.  In 
those  tests  a  sample  of  tha  test  solution  is  supported  above  a 
detonating  charge  of  $0  grams  of  tetryl.  The  space  between  the 
detonator  and  the  sample  is  adjusted  by  a  number  of  cellulose 
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acotato  cards.  A  ataol  target  plate  is  placed  above  the  sample* 

If  detonation  of  the  sample  occurs,  a  hole  is  pierced  in  the  steel 
plate.  The  results  of  the  toots  in  the  hydrogen  peroxide  solutions 
were  confusing.  In  no  case  was  a  hole  observed  in  the  target  plate. 
However,  some  burning  or  slight  melting  of  part  of  the  target  plate 
was  observed,  indicative,  at  least,  of  partial  release^ of  energy 
of  tho  oxidant.  In  one  series  of  tests  increasing  the  number  of 
cards  caused  an  increase,  rather  than  a  decrease,  in  the  deformation 
of  tho  target  plate.  It  i3  planned  to  repeat  the  tests  using  an 
oxygen  balanced  detonating  charge  and  noncombustible  spacer  cards. 

Adiabatic  compression  tests  were  also  conducted  at  - 
the  Naval  Air  Rocket  Test  Station  on  the  hydrogen  peroxide  oxidant3 
and  the  monopropellant.  The  results  on  all  four  propellants  were 
negative  at  the  maximum  pressurization  rate  of  231,000  psi/sec, 
obtainable  in  the  NARTS  apparatus.  The  four  solutions  were  tested 
in  triplicate  at  ambient  temperature  (approximately  70#F)  and  at 
160  *F. 


It  is  concluded  that  all  four  propellants  are  so 
insensitive  to  mechanical  and  hydrodynamic  shock  and  to  adiabatic 
compression  which  might  be  encountered  in  field  use  that  no  real 
hazard  exists. 

III.  90%  H202,  100*  H202  AND  HaOa-NHilJOo  OXIDANTS 
IN  B I PROPELLANT  SYSTEMS  4  J 


A.  Thermal  Ignition 

Several  ignition  methods  have  been  employed  in 
bipropellant  systems  employing  90*  H202,  100*  H202  and  the  H202~  . 

NHi  NO^  oxidants.  Experience  has  shown  that  ignition  of  the  fuel 
by  not  decomposition  gases  from  these  oxidants  is  safer,  more 
reliable  and  less  complex  than  other  ignition  systems.  No  reliance 
is  placed  on  electric  sparks,  glow  plugs,  micro-switches,  compli¬ 
cated  and  critical  propellant  injection  timing  devices  or  other 
devices.  The  engine  is  started  "cold,"  on  the  decomposition  products 
of  the  oxidant  alone.  The  decomposition  products  develop  approxi¬ 
mately  l/2  the  rated  thrust  giving  a  first  stage  thrust  level  and 
purging  the  combustion  chamber  of  any  liquid  fuel.  The  fuel  is 
then  injected  into  the  combustion  chamber  and  immediate  ignition  is 
realized. 

Reasonable  design  decisions  on  fuel  injectors,  decom¬ 
position  gas  velocities,  chamber  volumes  and  starting  pressures 
must  be  considered  to  insure  positive  ignition.  Satisfactory 
ignition  with  JP-U  jet  fuel  has  been  realized  with  decomposition 
gas  velocities  of  approximately  300  feet/sec.  and  a  combustion 
chamber  L&  of  approximately  80  inches.  It  is  probable  that  gas 
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velocities  can  be  increased  and  the  L*  decreased  with  optimum  com¬ 
bustion  chamber  and  fuel  injection  design.  These  design  criteria 
should  be  investigated  for  the  particular  propellants  to  be 
employed,  - 

Thermal  ignition  employing  the  decomposition  products 
of  the  oxidants  has  the  disadvantage  of  requiring  a  catalyst  to 
decompose  the  oxidant.  The  catalyst  weight  and  volume  must  be  held 
to  a  minimum, 

B,  Factors  Affecting  Catalyst  Decomposition 

A  typical  decomposer,  shown  in  Figure  IV  (SP-1988), 
utilizes  samarium  oxide  activated  silver  screens  to  decompose  90* 
Ha0a.  A  few  comments  on  the  design  of  such  a  unit  should  be 
mentioned. 

The  inlet  distribution  plate  is  designed  to  give 
even  propellant  distribution  over  the  catalyst  bed  with  an  optimum 
inlet  velocity.  The  diameters  of  the  inlet  holes  do  not  exceed 
0.125  inches.  Stainless  steel  perforated  plates,  l/8"  thick,  with 
20  to  30%  open  area  have  been  used  for  both  the  distribution  and 
bed  support  plates.  High  liquid  injector  velocities  can  cause 
erosion  of  the  silver  screens.  This  may  cause  the  downstream 
section  of  deep  beds  to  clog  resulting  in  an  increase  in  catalyst 
bed  pressure  drop.  With  minimum  depth  beds,  erosion  of  the  silver 
screens  can  cause  bed  flooding  and  poor  decomposer  performance. 

The  catalyst  pack  must  be  maintained  tight  at  all  times  to  prevent 
channeling.  In  large  beds  anti-channel  baffles  should  be  used, 
as  shown  in  Figure  V  (SP-950). 

The  purity  of  the  hydrogen  peroxide  required  to  give 
satisfactory  performance  with  such  catalyst  beds  has  recently  been 
studied.  Participants  in  this  program  were  the  Naval  Research 
Laboratory,  the  Naval  Air  Rocket  Test  Station,  Reaction  Motors,  Inc., 
Rocketdyne,  DuPont  and  Becco.  The  work  was  sponsored  by  the 
Bureau  of  Aeronautics,  Tentative  conclusions  concerning  the 
required  purity  of  electrolytically  produced  90*  Ha0a  have  been 
reached  and  are  shown  in  Table  IV.  Additional  work  is  being  done 
to  explore  interrelationships  between  certain  of  the  variables, 
principally  the  phosphate-tin-pH  relationship,  to  refine  analytical 
procedures  and  to  study  other  possible  variables  in  both  electro¬ 
lytically  and  organically  produced  Ha0a, 

The  100*  Ha0a  has  been  decomposed  in  a  catalyst  bed 
similar  to  the  90*  Ha0a  reactor  except  that  the  lower  section  of 
the  bed,  where  the  temperature  exceeded  the  melting  point  of  the 
silver,  consisted  of  copper  plated  stainless  steel  screens.  Cata¬ 
lyst  pellets  of  manganese  dioxide  and  cobalt  powder  have  also  been 
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used.  High  melting  silver  palladium  or  silver  platinum  alloys  have 
exhibited  catalyst  activity  similar  to  silver  in  laboratory  tests 
but  flow  test  evaluation  has  not  been  performed. 


The  H2O2-NHLHO3  catalyst  has  presented  the  most 
difficult  development  problem  of  the  three  oxidants  discussed.  The 
difficulty  is  that  most  of  the  standard  catalyst  materials  were 
dissolved  by  the  hot  HNO^  Which  is  a  product  of  the  NH^NO^. 

Figure  VI  (SP-1979)  shows  a  catalyst  configuration 
that  has  been  developed  by  Becco  to  decompose  the  H2O2-NH.NO. 
oxidant  at  a  bed  loading  of  approximately  U.3  lbs/in?/min.  This 
is  low  compared  to  20  lbs/in?/oin,  or  higher  realized  with  the  90% 
and  100%  catalyst  beds.  A  typical  temperature-time  curve  at  room 
temperature  is  shown  in  Figure  VII.  Satisfactory  on-off  ignition 
at  room  temperature  has  also  been  obtained  with  the  HzOa-NHjNO, 
oxidant  and  JP-U  and  JP-5  fuels  as  shown  in  Figure  VIII. 


Experience  with  this  catalyst  at  room  temperature 
has  indicated  that  the  performance  of  the  catalyst  is  a  function 
of  the  reactor  pressure.  'Ah ere  low  reactor  pressures  are  antici¬ 
pated  (150  psia  with  decomposition  alone  or  300  psia  with  fuel), 
the  bed  support  plate  should  have  a  pressure  drop  of  approximately 
7h  psi  at  the  rated  oxidant  flow  rate  for  satisfactory  performance. 


C.  Pilot  Combustion  Chamber  to  Minimize 
Catalyst  Size  and  7/eight _ 


A  considerable  amount  of  the  catalyst  might  be 
eliminated  in  H2O2  systems  without  sacrificing  reliability  of  the 
conventional  HaOa-fuel  systems,  by  exploiting  the  thermal 
characteristics  of  the  oxidants.  With  proper  design,  it  appears 
feasible  to  reduce  the  catalyst  weight  approximately  70  to  85%  as 
shown  in  Figure  IX  (SP-922), 

Based  on  test  results  obtained  in  the  100%  HaOa 
catalyst  development  program,  there  are  strong  indications  that, 
after  the  100%  HaOa  is  initially  catalytically  decomposed,  the 
100%  HaOa  will  sustain  a  high  rate  of  smooth  thermal  decomposition 
in  the  182U*P  atmosphere. 


The  savings  in  combustion  chamber  weight  and  size 
that  would  be  realized  by  this  method  without  great  sacrifice  of 
the  extreme  reliability  would  make  the  HaOa-fuel  combustion 
chambers  compare  favorably  in  size  and  weight  with  competing,  less 
reliable  propellant  combustion  chambers.  This  should  be  considered 
especially  when  large  thrust  units  are  anticipated. 
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D.  Performance  of  Hydrogen  Poroxide  Oxidants 

With  Various  Fuels _ _/ _ _ 

Theoretical  performance  curves  of  the  three  oxidants 
with  JP-U  are  3ho»m  in  Figure  X.  Values  for  the  90#  and  100#  If202 
were  obtained  from  the  3ureau  of  yinos'-?),  Values  for  the  H202- 
NH.  NO.  oxidant  were  obtained  from  unpublished  data  of  Rocketdyne, 
Division  of  North  American  Aviation  Corp. 

Reported  information  on  actual  performance  of  the 
three  oxidants  with  JP-U  should  soon  be  available  from  test3  which 
are  in  progress.  Preliminary  to3ts  were  recently  completed  at 
Naval  Air  Rocket  Test  Station  using  the  HaOa-NH^NO^  oxidant  and 
JP-U  and  JP-5.  Catalytic  decomposition  of  the  oxiaant  and  ignition 
of  the  fuel  were  obtained.  Additional  tc3ts  to  obtain  performance 
data  will  be  carried  out. 

Additional  theoretical  performance  curves  of  100# 

H2O2  with  Diborane,  NH?  and  H2Hk  are  shown  in  Figures  XX,  XII  and 
XIII  (Becco  Drawings  SP-1 995,  SP-1996  and  SP-197U).  Values  with 
the  Diborane  and  NH3  fuels  were  obtained  from  NACA  Report  Nos. 

RJI  E8ll7a  and  E8A30,  respectively.  The  M2H^  values  were  obtained 
from  unpublished  data  of  Rocketdyne. 

Theoretical  performance  curves  of  98#  H202  with 
UDMH  are  shown  in  Figure  XIV  (SP-1919).  These  values  were 
obtained  from  unpublished  data  of  the  General  Electric  Co., 

Rocket  Section,  Aircraft  Ga3  Turbine  Division. 

Calculations  have  been  oublished  by  Dr.  Johann  G. 
Tschinkel,  Table  V,  indicating  the  relative  range  increase  that 
could  be  realized  in  a  V-2  type  missile  if  90#  H202  and  100#  H202 
were  employed  as  oxidants  instead  of  liquid  oxygen  with  a  common 
CH^  g  hydrocarbon  fuel.  It  is  interesting  to  note  that  the  relative 
range  of  a  V-2  type  missile  could  be  increased  by  approximately 
7  and  16  percent  by  employing  the  90#  or  100#  H202,  respectively, 
instead  of  liquid  oxygen. 

The  simplicity  and  reliability  of  systems  employing 
H202  oxidant  are  illustrated  by  the  experience  of  the  General 
Electric  Company  in  the  development  of  a  hybrid  unit.  Several 
hundred  hot  runs  were  made  with  90#  and  anhydrous  H203  with  a 
CiiHoo  (solid  polyethylene)  fuel  without  failure.  A  direct  scaling 
of  the  90#  H202  hybrid  unit  from  200  lb.  to  20,000  lb.  thrust  was 
accomplished  without  incident.  Simultaneous  ignition  of  nineteen 
10J)0  lb.  thrust  units  verified  the  reliable  ignition  and  stable 
combustion  characteristics  of  the  H202-poly ethylene  system.  Another 
striking  feature  exhibited  by  this  hybrid  propulsion  system  was  the 
stable  combustion  experienced  with  a  very  low  system  pressure  drop. 

The  total  system  pressure  drop  between  the  oxidant  tank  and 
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corabu3tion  charabor  wa3  approximately  £0  pai  when  operating  at  hOO 
psia  chamber  pressure.  The  estimated  catalyst  bed  pressure  drop 
was  about  2$  psl. 

An  H202-hybrid  system  employing  aluminum  or  magnesium 
as  the  fuel  might  be  investigated  for  applications  where  higher 
impulse  is  required.  The  ignition  difficulty  encountered  with  the 
lower  decomposition  temperatures  of  the  90£  H202  (1360*F)  with 
aluminum  might  not  be  encountered  with  the  higher  decomposition 
tomperatures  of  the  10C#  H2O2  (102li*F)  • 

IV.  CONCENTRATED  H202  AND  H202-BA3ED  PROPELLANTS 

FOR  M0N0PR0PELLAOT  APPLICATIONS _ 

The  Germans  utilized  aoproximately  200  lbs.  of  high 
strength  H2O2  per  second  a3  a  monopropellant  in  their  V-l  launchers 
without  any  difficulties.  The  U3e  of  hydrogen  peroxide  as  a 
monop ropellant  in  the  helicopter  "Rocket  on  Rotor,"  application 
was  developed  by  Reaction  Motors,  Inc.l°'.  This  unique  system  of 
utilizing  the  centrifugal  force  of  the  rotors  for  delivering  the 
hydrogen  peroxide  to  the  rocket  unit3  at  high  pressures  without 
the  use  of  a  pump  or  gas  pressurization  system  is  the  utmost  in 
simplicity.  The  reliability  and  positive  control  features  of  H202 
monopropellant  units  have  been  exploited  to  keep  the  Glenn  L. 

Martin's  "Viking  Missile"  on  course  in  the  stratosphere,  where  the 
low  air  density  does  not  provide  sufficient  aerodynamic  control 
for  the  rocket's  directional  fins.  Similar  control  rockets  could 
be  employed  to  eliminate  the  aerodynamic  control  difficulties 
experienced  at  extreme  altitudes  with  piloted  aircraft. 

In  gas  generator  applications,  the  simplicity  and  reli¬ 
ability  again  are  attributed  to  the  inherent  ease  of  catalytic 
decomposition  and  the  density  of  the  concentrated  H202  and  H202 
’based  monopropellants.  The  specified  gas  turbine  gases  can  be 
chosen  and  held  to  +  50°F  or  closer  merely  by  selecting  the 
appropriate  H202-  concentration  or  the  H202-DEG-water  ratio.  No 
reliance  is  put  on  electrical  or  3rd  propellant  ignition  systems, 
complex  mixture  control  regulators  or  critical  sequencing  systems 
which  is  the  case  with  most  bipropellant  systems.  The  clean, 
nontoxic,  hot  decomposition  products  of  hydrogen  peroxide  can 
also  be  utilized  after  they  leave  the  turbine  for  heat  exchangers 
without  any  danger  of  fouling  with  carbon  or  of  corrosion.  In 
piloted  aircraft  the  oxygen-rich  exhaust  from  the  H202  gas  gener¬ 
ator  starter,  featuring  unlimited  starts,  could  be  eraoloyed  to 
reignite  the  oxygen  starved  turbo-jet  engines  at  extreme  altitudes. 
Where  concentrated  H202  is  employed  as  a  primary  oxidant  in  t ha  rocket 
propulsion  system,  the  exhaust  products  from  the  Ha0a  gas  gener¬ 
ator  can  be  injected  into  the  pilot  combustion  chamber  thereby 
utilizing  additional  energy  from  the  gas  generator  propellant  for 
propulsion, 
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In  order  to  retain  the  reliable  operating  characteristic® 
of  H202  systems,  the  Bureau  of  Aeronautics  is  sponsoring  a  program 
to  investigate  the  feasibility  of  a  -UO*F  freezing  point  H202 
based  monopropellant  for  reduced  temperature  application.  Satis¬ 
factory  catalytic  starting  has  been  obtained  with  programmed 
starts  with  the  HjOa-DEO  monopropellant  at  -20*F.  Development  is 
being  carried  out  for  a  catalyst  for  -UO*F  operation.  Figures  XV 
and  XVI  (SP-1986  and  SP-1985)  show  the  theoretical  monopropellant 
performance  curves  of  the  various  Hj^  concentrations  and  the 
— I4O *F  HjiOjHDEG-HjjO  monopropellant. 

V.  CONCLUSIONS  '  • 

Recent  research  has  indicated  that  the  following  charac¬ 
teristics  of  concentrated  HaOa  are  advantageous  for  application 
in  the  field  of  rocket  propulsion. 

A.  The  stable  combustion  characteristics  and  ignition- 
purge  feature  of  the  H202-fuel  system  offer  a  simple  and  therefore 
reliable  rocket  propulsion  system  with  repeated  "On-Off”  thrust 
available  if  desired. 

B.  The  various  oxidant-hydrocarbon  fuel  systems  are  not 
propellant  weight  ratio  sensitive. 

C.  The  relatively  low  flame  temperatures  and  the 
favorable  specific  heats  and  propellant  weight  ratios  indicate 
that  regenerative  cooling  with  these  oxidants  appears  promising. 

D.  Concentrated  H202  bipropellant  systems  demonstrate 
higher  impulse  densities  than  liquid  oxygen  or  nitric  acid 
bipropellant  systems  with  hydrocarbon  fuels. 

E.  The  ability  to  store  concentrated  H202  for  long 
periods  in  plastic  bags  and  diaphragms  because  it  is  compatible 
with  plastic  materials  3uch  as  PVC,  Kel-F  and  Teflon  make  its 
storage  in  missiles  and  aircraft  for  long  periods  of  time  possible. 
Utilizing  an  expulsion  bladder  should  be  considered  in  propulsion 
tankage  systems  where  long-term  storage,  compatibility,  expulsion 
efficiency,  propellant  slosh  control  and  control  of  the  center  of 
gravity  of  the  propellants  are  important. 

F«  The  exhaust  products  of  concentrated  H202  and  the 
HaOa-DEQ-water  monopropellant  are  not  toxic  or  corrosive. 

0.  Utilizing  the  chemical  pressurization  characteristics 
of  the  9 Of>  Ha0a  and  the  favorable  high  temperature  stress  features 
of  Armco  17-7  PH  stainless  steel  indicate  that  favorable  system 
weights  can  be  realized  with  this  scheme  when  competing  with  costly 
turbo-pump  systems. 
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TABLE  I 


9.0$  99.6%  HgOg-  mp-DEG 

Phy3lcnl  Proportion  FaOa  HgOg  NH),NO^  HgO 

Density  at  77#F,  ?./ cc  1.3866  1.1395  l.li53  1.29? 

lb. /ml.  11.^7  12.  011  12.1  10.8 

Heat  Capacity,  Trrp/lb.  1*?  '  0.660  0.628  0.57 

Refractive  Index  77#F  1.3980  I.I1O63  l.li356  1.3880 

Specific  Electrical  Conductivity  77*F  I.9I1  0.5  2000  7.U 

Micromhos/cm. 

Vapor  Pressure,  mm  Hg  at  70*F  2.57  l.lt7 

Viscosity,  Centipoises,  77*F  1.156  1.156  2.1tlt  l.U 

122*F  0.807  0.818  1.98 

Boiling  Point  (1.0  ATM),  *F  286. li  302.lt  ltl0.lt  255 

Freezing  Point,  *F  11 .3  31.3  -ItO  -ItO 

Heat  of  Vaporization,  BTU/lb.at  77*F  700.3  652.8 

Surface  Tension,  dynes/cm.at  68*F  79-33  80.lt 

Adiabatic  Decomposition  Temp.  1361t  l82lt  lli79  1800 

at  1.0  atm,  *F 

Apparent  pH  by  Olass  Electrode  0.1  -2.0  2.8  2.1 
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TABLE  III 

STORAGE  STABILITY  OF 

HYDROGEN  PEROXIDE  PROPEL!  A  UTS 


90%  HoOt* 

99,6%  Ha  Os 

HaOa-NH,  NO 
Unstabilized 

BMP-DEG 

1ROO-67.B 

%  Not  Decomposed  In 
2h  Hours  at  100 °C 

90  to  99 

99 

93  to  9? 

92  to  96 

Maximum  Recommended 
Storage  Temperature 
For  300  Lb.  Drums 

120"  F 

120°  F 

100"  F 

100"  F 

Maximum  Permissible 
Storage  Temperature 

Ht'TF 

lit?  F 

100"F 

100°  F 

NOTE:  The  values  sho'vn  for  the  HaOa-NHjjKO^  oxidant  and 
BMP-DEG  Kcnopropellant  3re  based  on  best  present 
data.  Unconfirmed  data  indicates  that  stabilized 
HaOs-MHi  NO.,  solutions  have  stabilities  similar  to 
that  of  90%  Hu Os, 
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TAIiLK  V. 

Extracted  from 

n TETHAM I TRDM ETH AN  E  AS  OXIDIZER  IN  KT.'CKET  PKOPELUII13" 
by  Jolunn  G.  Tschinkel 

which  appeared  in  Industrial  and  Engineering  Chemistry 
Vol.  U3,  Page  732,  April  1$>$6 


IDEAL  CUTOFF  VELOCITY  FOU  SELECTED  PlUFELLiuNTS 


Oxidizer 

ue 

SP 

Uid  ue 

-  Uid 

Uid 

(Rsla- 

tivc) 

Uid2 

(Rela¬ 

tive) 

Range 

(Rela¬ 

tive) 

H20a  (lOCfc) 

2235 

1.3h0 

1.379 

3082 

1.12 

1.25 

1.16 

hno3 

2153 

1.337 

1.353 

2913 

1.06 

1.12 

1.09 

h2o2 

0.21  H80(90U) 

2160 

1.305 

1.337 

2  <j<3o 

1.05 

1.10 

1.07 

(02)  liquid 

2h00 

0.992 

l.Ut2 

27U1 

1.00 

1.00 

1.00 

Table  V  shows  the  low  density  propellant  (furl  oil-oxygen)  to  fall 
off  to  the  last  place  in  the  range  parameter,  Uid2.  Under  the 
assumed  ideal  conditions,  range  is  proportional  to  Uid2.  Range 
calculations  were  carried  out  on  a  V-2  type  rocket  where  necessary 
adjustments  in  size  of  some  components,  such  as  pumps,  were  made, 
which  amounts  to  adjusting  the  parameter  Vp/Kc.  Calculations  refer 
to  vertical  flight  in  vacuum.  Range  came  out  to  be  proportional  to 
about  1.&'  power  of  Uid.  . 
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FIGURE  1 
HEAT  CAPACITY  OF 
SATURATED  LICJJID 
H202  WATER  SYSTEM 
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FIGURE  4 

TYPICAL  GAS  GENERATOR  DESIGN  FOR  90%  H*Oj  AND  100% HA 
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TYPICAL  90%  HA  MONOPROPELLANT 
ROCKET  THRUST  CHAMBER 
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FIGURE  5 


/TOWS  or  PELLETS 
SERAPATED  BY  20 
MESH  S  S.  OH 
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2.  7/s  ’  /■  D.  (OXC)  OECOMPOS/T/ON  CHAMBER  USEO 
TO  E VAL UA T£  -  40’F -W202  -  NH4 NOj  -  WA TER 


DWG.  NO  -SP-/3  73 
JOB  NO.  -2U 
DATE  -  H-/2-SG 
SCALE-  f*  2* 

3Y-C.  TD/ETP/CH 


RUN  # 243 


DECOMPOSITION  TEMPERATURE  OF  -40*F  -  NH«NPj-WATER)OXIDANT  IN  RUNS  243, 

245  ANO  246  WHEN  USING  THE  SAME  CATALYST  BED.  TOTAL  BED  TIME  10  MINUTES 
THRUPUTWAS  4.3#/SQ.INy  MIN.  IN  THE  OXC  2  V,‘  1.0.  CHAMBER. 


FIGURE  7 

TYPICAL  DECOMPOSITION  TEMPERATURE 
OF  H2O2-NH4NO3  OXIDANT 
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PROPOSED  PILOT  FLAME  INJECTOR  FOR 
LIQUID-LIQUID  6000  LB  THRUST  REGEN¬ 
ERATIVE  COOLED  ROCKET  CHAMBER. 


FIGURE  9 

ROCKET  THRUST  CHAMBER  WITH 
PILOT  CATALYST  IGNITER 
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FIGURE  10 

THEORETICAL  PERFORMANCE  OF 
H2O2  OXIDANTS  WITH  JP4  FUEL 
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FIGURE  14 


THEORETICAL  PERFORMANCE 
FOR  03  /j  HoOo  AND  UDMH 
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FIGURE  15 

THEORETICAL  PERFORMANCE  FOR 
70$  TO  100$  H2O2  ^NOPROPEII.ANT 
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PICTURE  1 6 

THEORETICAL  PERFORMANCE 
FOR  BMP-BEG-1800 
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PERFORMANCE  OF  PERCHLORYL  FLUOR  IDF 


E.  A.  Mickle,  K,  Berman,  E.  S.  Cv  Gantz 
Rocket  Engine  Section 
General  Electric  Co. 
Cincinnati  15,  Ohio 


In  1952  a  new  compound,  perchloryl  fluoride  was  discovered 
by  Engelbrecht  and  Atzwanger  (1).  This  compound  might  be  considered 
the  acid  fluoride  of  perchloric  acid.  The  formula  for  the  compound 
is  CIO3F.  The  compound  is  a  stable  gas  at  ambient  conditions  but 
possesses  a  high  oxidation  potential.  Since  the  vapor  pressure  is 
not  exorbitantly  high,  this  compound  is  of  considerable  interest  as 
an  oxidizer. 

Calculations  at  the  Naval  Air  Rocket  Test  Station  (2)  were 
made  when  the  heat  of  formation  of  the  compound  had  not  been  measured. 
However  the  specific  impulse  with  unsymmetrical  dimethylhydrazine  was 
promising.  A  brief  motor  evaluation  was  also  made  at  NARTS  (3). 

This  was  with  monomethylhydrazine  in  a  50  lb  thrust  motor.  These 
tests  showed  that  the  propellant  combination  was  hypergolic. 

Complete  thermodynamic  calculations  have  now  been  made  usiig 
an  IBM  704  calculation  for  the  systems  perchloryl  fluoride  as 
oxidizer  with  JP-4,  hydrazine  and  unsymmetrical  dimethylhydrazine  as 
fuels.  In  addition  brief  motor  trials  have  been  made  using  the 
perchloryl  fluoride  -  unsymmetrical  dimethylhydrazine  system.  This 
report  presents  a  summary  of  the  theoretical  and  experimental 
results  obtained. 

Performance  Calculations 

The  method  of  calculation  used  was  based  upon  that  of 
Brinkley  and'  Lewis  (4),  The  independent  variable  that  defines  the 
relative  proportion  of  fuel  to  oxidizer  is  called  the  equivalence 
ratio,  R-j,  defined  as  "actual  fuel  to  oxidizer  volume  ratio  divided 
by  stoichiometric  fuel  to  oxidizer  volume  ratio".  The  other  indepen¬ 
dent  variables  were  Pc  (atm)  and  T  (°R). 
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A.  rii-  jp-i,  c!0  ji;  >•/ ; t"n 

J-or  cun  v-  n  ienrc  JP-4  w.i:;  as.. timed  to  Ik-  Cqlljg  4ml  tin* 

'a  to  icji  t  omo  tr  i<:  equal  iuri  fur  tin-  rcai  t  i  >n  was  taken  to  be  as  follows; 


4  Coll 


IS 


27  ClOjP  =  9  11.0  ;{<€()_,  *  27  111-  ♦  .17  I  KM 


Tlie  following  substances  were  considered  as  possible  pro¬ 
ducts  of  combustion;  solid  carbon  in  the  form  of  graphite,  ll20,  C02, 
CO,  IIP ,  HC 1 ,  Oil,  li,  0,  Cl,  V,  Ho,  02,  Clo,  V?4,  CII4  and  CIF.  "other 
compounds  considered  but  omitted  from  the  final  calculations  were 
CCI4,  CIF3,  FiO,  CIO;),  and  Ci'4,  F^O  and  C102  were  omitted  because  of 
their  extremely  small  equilibrium  constants  while  the  other  three 
were  dropped  from  consideration  because  their  effect  on  equilibrium 
of  the  combustion  products  is  negligible. 


Values  used  for  R2  ranged  from  0.40  to  4.00,  for  Pc  (atm) 
from  0.10  to  100.0  and  for  Tc  (°R)  from  2000  to  6600  at  100  degree 
intervals. 


Sources  of  Data  of  Thermodynamic  Properties  of  Constituents 


C(s),  H20,  C02,  CO,  OH,  H,  0,  H2,  and  02  -  Selected 

Values  of  Properties  of  Hydrocarbons  and  Related  Compounds,  Vol.  I, 
American  Petroleum  Institute  Research  Project  44. 

HF,  HC1,  Cl,  F,  Cl2,  F 2,  C1F  -  NACA  Report  1037,  Huff, 

Gordon  and  Morrell.  (Heats  of  formation  at  absolute  zero  are  not 
consistent  with  the  system  used  in  the  American  Petroleum  Institute 
Report.  All  heats  of  formation  were  put  on  a  common  basis  by  use  of 
N.B.S.  Circular  500.) 


•  CII4  -  Properties  through  5000°R  taken  from  General  Electric 
Publications,  Properties  of  Combustion  Gases,  Powell,  Shaffer  and 
Suciu,  1955,  General  Electric  Company  Properties  above  5000°R  were 
extrapolated. 

The  heat  of  formation  of  CIO3F  was  taken  as  -2.4  kcal/mole 
at  25°C  .and  for  JP-4  as  -50.0  kcal/mole. 


The  results  of  the  calculation  for  specific  impulse  are 
summarized  in  figure  1  and  for  chamber  temperature  in  figure  2, 

More  complete  data  will  be  found  in  the  General  Electric  Company 
publication  R56AGT368  by  E.  A.  Mickle  issued  28  June  1956. 

B.  The  N2H4  -  CIO3F  System 

\  s  *  4.  J  : 

The  stoichiometric  equation  was  assumed  to  be 
2  N  Jl  *  C 10  >F  -  2  N_.  +  3  H  >0  *■  IIP  +  HC  L 
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The  constituents  considered  were  02,  N2,  ll20,  IIP,  HC1,  O, 

on,  n2,  h,  no,  r,  ci,  11,  p2,  ci2,  nii3,  and  cip. 

The  heat  of  formation  of  CIO3P  was  taken  as  -2.4  kcal/mole 
at  259c  and  for  as  *12.05  kcal/mole. 

The  range  of  Pc  was  0.1  atm  to  100  atm  and  for  R2  0.75 
to  3.00.  The  reactants  were  assumed  to  enter  the  combustion  chamber 
at  298.16°K. 

The  results  of  the  calculation  for  specific  impulse  are 
summarized  in  figure  3  and  for  chamber  temperature  in  f igure  4. 

More  complete  data  will  be  found  in  Ceneral  Electric  Company  publi¬ 
cation  DF56AGT426  by  E.  A.  Mickle  issued  18  July  1956. 

C.  The  UDM1I  -  CIO3F  System 

The  stoichiometric  equation  was  assumed  to  be 
(CH3)2  NNH2  ♦  2  CIO3F  =  2  C02  ♦  N2  *  2  H^O  ♦  2.HF  ♦  2  1101 

The  constituents  considered  were  C  (in  the  form  of 
graphite),  H^,  C02,  CO,  HF,  HC1,  OH,  H,  0,  Cl,  F,  H2,  02,  Cl2,  F2 
N2,  N,  NO. 

The  heat  of  formation  of  CIO3F  was  taken  as  -2.4  kcal/mole 
at  259c  and  for  (CH3)2  N2H2  as  +  H.3  kcal/mole. 

The  range  of  Pc  was  1.0  atm  to  100  atm  and  for  R2  was  0.75 
to  2.2.  As  before  the  reactants  were  assumed  to  enter  the  combustion 
chamber  at  298.16°K. 

The  results  of  the  calculation  for  specific  impulse  are 
summarized  in  figure  5  and  for  chamber  temperature  in  figure  6. 

Experimental  Results 

The  amount  of  perchloryl  fluoride  available  was  limited 
80  the  tests  made  were  with  unsymraetrical  dimethylhydrazine  in 
nominal  1000  lb  thrust  chambers.  These  water-cooled  engines  have  an 
inside  diameter  of  three  inches  and  a  throat  diameter  of  1.75 
inches.  The  nozzle  area  ratio  (exit  area)  was  4.  The  injector 

(throat  area) 

employed  was  a  conventional  ring  type  like-on-like  injector  with 
alternate  rings  being  used  for  fuel  and  oxidizer  injection  respect¬ 
ively,  starting  with  fuel  on  the  outside  ring. 

A  small  pyrotechnic  ignitor,  located  in  the  injector,  was 
used  to  initiate  combustion.  This  was  done  since,  on  the  account  of 
the  high  cost  of  PF,  it  was  deemed  inadvisable  to  attempt  any  hyper- 
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golic  starting  tests. 

In  all  tests,  operation  was  smooth  and  stable.  Below  are 
summarized  the  operating  conditions  for  a  typical  run: 

Chamber  pressure  .322  psia 

Oxidizer  to  fuel  ratio.  2.2  T 


Thrust.  . . 1025  lbs 

Characteristic  velocity.  .........  5800  ft/sec 

Specific  impulse.  .............  238  sec 

Injector  pressure  drop  (oxidizer).  .....  91  psi 

Injector  pressure  drop  (fuel).  ..  48  psi 

Total  Propellant  flow  rate.  4.30  Ib/sec 

Nozzle  heat  transfer  rate.  .........  .3.62  BTU 

in2 see 

Chamber  heat  transfer  rate.  .........  2.38  BTU 

7“2 

in  sec 


Summary 

As  can  be  seen  from  the  performance  curves  in  figures  1, 

3  and  5,  perchloryl  fluoride  is  almost  as  efficient  an  oxidant  as 
is  oxygen.  However  since  it  does  boil  at  -46°C  it  seems  likely 
that  it  will  find  application  in  those  limited  areas  which  lend 
themselves  to  the  use  of  a  pressurized  system.  It  is  noteworthy 
that  in  the  limited  tests  of  perchloryl  fluoride  with  un symmetrical 
dime thy lhydrazine  in  a  1000  lb  thrust  chamber  that  approximately 
98%  of  theoretical  performance  was  obtained. 
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HIGH  TEMPERATURE  RESEARCH  AT  TEMPLE 


A.  T.  Grosse,  C-  S.  Stokes  and  W.  L.  Doyle 
The  Research  Institute  of  Temple  University 
Philadelphia  44,  Pennsylvania 


SUMMARY 

High  temperature  research  has  been  carried  on  at  the  Research 
Institute  of  Temple  University  for  the  last  eight  years.  It  was  ori¬ 
ginally  supported  by  the  Office  of  Naval  Research,  later  by  the  Of¬ 
fice  of  Ordnance  Research,  and  at  the  present  time  by  the  Air  Force’s 
Office  of  Research  and  Development  and  by  Redstone  Arsenal. 

Methods  were  developed  to  produce  high  temperatures  by  the 
combustion  of  metals,  such  as  aluminum,  magnesium,  titanium,  zirconi¬ 
um,  calcium  and  others.  Various  techniques  and  some  of  the  results 
obtained  will  be  reviewed. 

Still  higher  temperatures  were  produced  by  the  combustion  of 
such  endothermic  compounds  as  cyanogen  and  carbon  subnitride  in  oxy¬ 
gen.  Recently  investigations  of  Dr.  A.  Streng  showed  that  100£  ozone 
could  be  substituted  for  oxygen  in  a  number  of  flames.  This  increases 
the  temperature  to  some  extent,  but,  in  particular,  increases  the 
burning  velocity  significantly. 

Considerable  effort  was  devoted  to  fluorine  containing  flames. 
Thus  the  premixed  hydrogen-fluorine  flame  was  shown  to  be  the  fastest 
flame  known.  The  hydrogen  cyanide -fluorine  -oxygen  flame  produces  the 
highest  temperature  which  can  be  achieved  with  presently  available 
commercial  chemicals.  It  has  been  used  at  Temple's  high  temperature 
establishment  at  Reading  Furnace  Farms,  Pa.,  as  a  means  of  aerodynam¬ 
ic  heating  of  samples  in  a  supersonic  high  temperature  jet. 

Oxygen  fluorides  have  interesting  properties  a3  fuel  oxidizers 
Thus  Oo Fo  ia  substantially  more  endothermic  than  OFo.  Recently  ozone- 
fluoric^  or  O3F2  has  been  isolated,  synthesized  and  definitely  iden¬ 
tified  as  a  chemical  compound.  The  properties  of  the  oxygen  fluorides 
will  be  discussed. 
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The  various  now  fuels  arid  oxidizers  open  new  possibilities  for 
the  study  of  detonations  in  liquid  and  Bolid  phase.  Single  Individual 
molecules,  such  as  CO^,  Op,  UgO,  e m< i  others,  can  be  made  the  sole 
product  of  detonation,  Tnus  the  properties  of  these  molecules  at 
extremely  high  temperatures  and  pressures  can  be  determined  experi¬ 
mentally. 

At  the  present  time  there  is  great  interest  in  the  production 
and  study  of  very  high  heat  fluxes.  Such  high  heat  fluxes  were  ac¬ 
complished  at  Temple  by  means  of  (a)  chemical  flames;  (b)  the  high 
tenperature  arc,  and  (c)  by  radiation  sources. 

The  heat  fluxes  obtained  are  in  the  range  of  100-1000  cal/ 
cnr»sec.  The  various  measuring  techniques  used  will  be  discussed. 

The  whole  field  of  inorganic  chemistry  at  temperatures  above 
3000°K.  is  a  wide  open  field  of  research.  It  should  be  realized  that 
in  this  field  the  time  element  is  of  essential  importance.  Thus  from 
a  practical  standpoint  the  materials  have  to  stand  up  only  for  com¬ 
paratively  short  times,  of  the  order  of  a  few  minutes,  whereas  in  our 
usual  technology  the  service  life  is  measured  in  years.  The  various 
methods  that  are  available  at  Temple  for  the  study  of  inorganic  chem¬ 
istry  in  this  range  will  be  discussed. 
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TOnC  HAZARDS  OF  LI'JJID  PROPELLANTS  (U) 

Keith  H,  Jacobson 
Directorate  of  Medical  Research 
Chemical  Warfare  Laboratories 
Army  Chemical  Center,  Maryland 


(U)  The  ability  of  liquid  propellants  to  release  great 
amounts  of  energy  frequently  involves,  as  a  concomitant  property, 
their  ability  to  be  hazardous  to  persons  handling  them.  Many  of  these 
propellants  are  explosive,  and  many  are  flammable.  Also,  many  of  them 
are  toxic,  i,e,  their  reaction  with  living  organisms  produces  disease 
or  injury.  We  are  concerned  here  with  the  ability  of  these  liquid 
propellants  to  produce  injury  to  humans  by  penetration  into  or  through, 
or  reaction  with,  various  biological  fluids  and  tissues  of  importance 
to  the  human  organism. 

(U)  Every  known  compound  is  toxic  to  some  degree,  so  it  is 
not  strictly  proper  to  describe  any  given  material  as  toxic  or  non¬ 
toxic.  However,  many  materials  have  a  degree  of  toxicity  sufficiently 
low  so  that  few  if  any  precautions  are  necessary  to  prevent  poisoning. 
Other  materials,  and  this  unfortunately  includes  many  of  the  liquid 
propellants,  have  a  sufficiently  high  toxicity  to  require  considerable 
precautions  to  prevent  injury.  It  is  generally  true  that  any  material, 
no  matter  how  toxic,  can  be  safely  handled.  However,  materials  of 
high  toxicity  usually  require  greater  precautions  to  permit  their  safe 
handling.  The  usual  precautions  may  involve  the  use  of  protective 
clothing,  including  respiratory  protection.  Other  precautions  involve 
adequate  ventilation,  and  the  use  of  various  devices  to  prevent  spills 
and  leaks. 

(U)  The  most  common  routes  by  which  toxic  chemicals  get  in¬ 
to  the  human  system  are  by  inhalation  of  vapors  and  aerosols,  by  ex¬ 
posure  of  the  eyes  to  toxic  vapors  or  liquids,  and  by  exposure  of  the 
skin  to  liquid  or  solid  chemicals,  resulting  in  systemic  effects  by 
penetration  of  the  skin  or  in  local  reactions  on  the  skin,  including 
sensitization.  Another  route  of  accidental  absorption  involves  oral 
ingestion.  This  may  occur  as  a  result  of  careless  handling  of  the 
materials,  or  by  intentional  ingestion,  usually  because  of  a  mistaken 
belief  that  the  material  is  potable. 
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(0)  The  prevention  of  exposure  involves  eye,  respiratory 
and  skin  protection  to  minimize  the  amount  of  the  material  In  question 
that  cooes  In  contact  with  personnel.  The  need  for  specific  protection 
and  type  of  devices  needed  depend  not  only  on  the  effect  of  the 
matorial,  i.e.  its  toxicity,  but  also  on  the  likelihood  of  accidental 
exposure  on  a  given  operation. 

<U)  Reduction  In  the  seriousness  of  injuries,  once  ex¬ 
posure  has  occurred,  is  normally  the  responsibility  of  the  physician 
in  charge,  and  the  general  principles  involved  in  treatment  of  exposed 
persons  are  not  appropriate  here.  There  are  a  few  principles  of  first 
aid,  including  self  aid,  that  might  be  briefly  mentioned.  In  the  case 
of  liquid  splash  on  the  skin  or  into  the  eyes,  the  most  important 
thing  is  to  remove  the  toxic  as  soon  as  possible.  1  emphasize  the 
word  remove,  because  there  seems  to  be  too  great  a  tendency  to 
neutralize  toxic  agents,  as  if  decontamination  were  similar  to  a 
laboratory  titration.  Speed  is  usually  essential,  and  in  many  cases 
copious  quantities  of  water,  or  soap  and  water,  will  effect  adequate 
removal.  The  usually  ready  availability  of  water  facilitates  speedy 
removal;  the  use  of  a  specific  solvent  or  neutralizer  may  frequently 
involve  delay  that  can  be  fatal.  A  specific  example  here  involves  the 
frequently  seen  suggestion  that  sodium  bicarbonate  solution  be  used  to 
decontaminate  skin  splashed  with  RENA.  Copious  quantities  of  water 
will  do  as  good  a  job,  and  for  various  reasons,  of  which  ready 
availability  is  an  important  one,  water  is  undoubtedly  superior  to 
bicarbonate  solution. 

(n)  Following  this  discussion  of  a  few  general  principles, 
it  may  be  of  interest  to  describe  briefly  the  action  and  toxicity  of 
various  liquid  propellants,  as  well  as  a  few  gaseous  or  solid  pro¬ 
pellants,  since  they  may  be  similar  in  action  to  liquid  propellants  of 
interest,  or  might  be  used  in  liquid  form  by  alteration  of  pressure 
and/or  temperature . 

Hydracartana. 

(0)  Hie  hydrocarbons  (gasoline,  kerosene,  JP-3,  JP-4,  etc.) 
form  an  important  class  of  propellant  fuels.  While  high  vapor  con¬ 
centrations  can  cause  narcosis  in  exposed  personnel,  normal  operating 
procedures  rarely  permit  such  high  concentrations.  The  main  problem 
comes  from  the  lipid  solvent  properties  of  these  fuels.  When  they  are 
in  prolonged  or  repeated  contact  with  skin,  they  may  cause  skin 
irritation.  leaded  gasoline  is  an  additional  problem,  because  of  the 
possibility  of  lead  poisoning.  Soap  and  water  are  useful  in  removing 
hydrocarbons. 

Hydrazine  and  Derivatives. 

(U)  Hydrazine,  monomethylhydrazine ,  and  uns-dimethylhydra- 
aine  cause  local  skin  and  eye  damage  when  spilled  on  these  organs. 

When  the  compounds  are  absorbed  into  tho  body  by  skin  penetration  or 
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inhalation  of  vapors  or  aerosols,  in  sufficient  amounts,  they  may 
cause  convulsions*  Respiratory  irritation  may  result  from  inhalation 
of  the  compounds*  Hydrazine  has  been  shown  to  produce  liver  damage; 
while  this  has  not  yet  been  shown  to  be  a  toxic  effect  of  uno- 
dimethylhydrazine  or  methylhydrazine,  it  has  been  presumed  that  they 
may  also  cause  liver  damage,  because  of  their  chemical  similarity  to 
hydrazine*  Table  I  shows  some  data  on  the  comparative  toxicity  of 
these  compounds*  The  listing  of  UJSO'a  to  various  species  of  ex¬ 
perimental  animals  does  not  imply  the  same  values  for  man;  however,  it 
is  likely  that  the  ratio  of  the  toxicity  of  two  compounds,  if  it  be 
similar  in  several  species  of  experimental  animals,  will  be  similar 
for  both  man  and  lower  animals* 

Table  X  (U) 

Toxicity  of  Hffdragine  and  Some  of  Its  Derivatives 


I£50»  ppm 

L  Hr.  Inhalation 

LD50,_  mg.Ag* 

Percutaasoua 

MAC* 

BIB 

Rats 

Mice 

Rabbits 

Man 

Hydrazine 

570 

252 

93 

1** 

Methylhydrazine 

74 

56 

no 

- 

uns-Dimethylhydrazine 

252 

±72 

1341 

0.5*** 

*  Maximum  allowable  concentration 

**  Tentative  value,  Amer.  Conf.  of  Governmental  Industrial  Hygienists 
***  Suggested  interim  working  value 


(U)  When  one  of  these  compounds  is  spilled  on  skin  or  into 
eyes,  copious  quantities  of  water  should  be  used  to  remove  them  as  soon 
as  possible*  Treatment  of  poisoned  persons  should  be  symptomatic; 
barbiturates  or  Me santo in  may  be  useful  in  controlling  convulsions* 


Ajcahola* 


(U)  Methyl,  ethyl,  and  furfuryl  alcohols  are  all  de¬ 
pressants,  With  noxmkL  ventilation,  intoxication  by  inhalation  of  the 
vapors  is  not  common*  Their  lipid-solvent  characteristics  are 
sufficient  so  that  repeated  or  prolonged  skin  contact  may  result  in 
skin  irritation*  They  are  irritating  to  the  eyes*  Their  greatest 
danger  probably  lies  in  the  likelihood  of  their  ingestion  on  the 
assumption  that  "alcohol  is  alcohol"  •  The  literature  is  filled  with 
references  to  blindness  and/or  death  resulting  from  ingestion  of 
methyl  alcohol*  While  the  personal  experience  of  many  of  us  has  shown 
that  ethyl  alcohol  is  indeed  potable,  the  ethyl  alcohol  used  is  pro¬ 
pulsion  is  usually  denatured,  and  undesirable  effects  may  result*  It 
might  be  mentioned  that  methyl  alcohol  is  a  common  denaturant  in  ethyl 
aloohol* 
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Boron  Hydrides. 

(C)  The  boron  hydrides  comprise  an  increasingly  important 
class  of  Dropellants.  Diborane  (a  gas  at  ordinary  temperatures  and 
pressures)  causes  respiratory  irritation.  The  other  hydrides  under 
consideration  (pent&borane,  decaborane,  propy lpen tabor ano,  and  ethyl- 
decaborane)  can  also  produce  respiratory* irritation  by  inhalation  of 
the  vapors,  but  also  produce  profound  systemic  effects,  such  as 
cardiovascular  effects,  liver  and  kidney  damage,  and  central  nervous 
system  effects,  including  convulsions.  They  are  highly  toxic,  as  is 
shorn  in  Table  II. 

(Cl 

Toxicity  of  Some  Boron  Hydrides  (U) 


IG50,  ppm 

ID50,  mg. /kg. 

MAC 

L  Hr. 

farcutaaeotta . 

BUB 

Rats 

Mice 

Rabbits 

Man 

Diborane 

40 

29 

- 

0.1* 

Pentaborane 

6 

3 

0.01* 

Propylpentaborane 

12 

11 

1000  -  3200 

- 

Decaborane 

46 

12 

- 

0.0?* 

Ethyldecaborane 

23 

6 

62 

— 

*  Established  value,  American  Conference  of  Governmental  Industrial 
Hygienists. 

**  Tentative  value,  American  Conference  of  Governmental  Industrial 
%gienist3 

(U)  No  specific  treatment  is  available  to  counteract  the 
effects  of  these  compounds.  Symptomatic  treatment  should  be  given  by 
qualified  medical  personnel.  Barbiturates  or  Mesantoin  may  be  useful 
in  controlling  convulsions. 

NjtTQ,  fiflBBflUBda. 

(U)  Among  the  compounds  of  interest  in  this  category  are 
nitroglycerine,  n-propyl  nitrate,  and  tetranitrome thane.  There  has 
been  considerable  experience  with  the  toxic  effects  of  nitroglycerine. 
It  causes  vasodilatation  with  consequent  lowering  of  blood  pressure, 
and  a  mild  mp themoglobinemia .  It  is  readily  absorbed  through  intact 
skin,  and  may  cause  severe  headache  in  exposed  persons.  large  doses 
may  cause  nausea,  vomiting,  colic,  and  sometimes  bloody  diarrhea* 
Persons  handling  nitroglycerine  frequently  suffer  severe  headache 
during  their  first  few  days  of  contact,  but  they  then  adapt  rapidly, 
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i,e*  they  no  longer  suffer  toxic  effects,  erven  though  exposure  con¬ 
tinues,  Adaptation  is  temporarily  loot  on  removal  from  exposure  for 
several  weeks, 

(U)  Animal  studies  with  n-propyl  nitrate  suggest  that  it 
may  be  similar  in  nature  to  nitroglycerine.  It  produces  methemo¬ 
globinemia  and  hypotension,  and  adaptation  has  been  noted  among 
animals  subjected  to  chronic  exposure, 

(U)  While  tetranitrome thane  has  not  been  studied  in  as 
great  detail  as  nitroglycerine  and  n-propyl  nitrate,  it  does  not 
appear  that  it  has  the  vascular  effects  of  the  first  two  compounds. 
Animal  studies  indicate  that  inhalation  of  this  vapor  causes 
respiratory  irritation  and  it3  sequelae. 

Miscellaneous  F\iels. 

(U)  Among  the  miscellaneous  fuels  of  interest  in  the  field 
of  liquid  propellants  are:  ethylene  oxide,  butyl  mercaptan,  ammonia, 
aniline,  and  methyl  acetylene,  These  are  not  highly  toxic  compounds, 
but  they  may  offer  a  serious  toxic  hazard  in  many  operations. 

Ethylene  oxide  is  a  respiratory  irritant;  aqueous  solutions  have  been 
shown  to  cause  skin  sensitization.  Industrial  experience  has  not 
indicated  a  serious  problem  from  inhalation  of  the  gas;  however,  skin 
sensitization  has  been  a  problem  in  some  types  of  operations,  ftityl 
mercaptan  is  not  highly  toxic,  either  by  inhalation  of  the  vapor  or  by 
skin  exposure.  The  disagreeable  odor  of  this  compound  will  normally 
limit  exposure  to  a  level  well  below  the  toxic  level.  Ammonia,  while 
normally  a  gas  with  respiratory  irritant  properties,  may  be  handled  as 
a  liquid;  in  that  event,  precautions  to  prevent  skin  splash  of  the 
liquid  should  be  taken,  since  its  low  temperature  in  liquid  form  can 
cause  local  freezing.  The  symptoms  of  this  local  action  are  often 
similar  to  those  of  burns.  Aniline  is  a  well-known  industrial  poison. 
It  is  toxic  by  all  common  routes  of  administration,  but  because  of  its 
low  volatility,  it  does  not  constitute  a  serious  inhalation  hazard  in 
most  operations.  The  most  common  method  of  poisoning  is  by  skin 
penetration.  It  reduces  the  hemoglobin  in  the  blood  to  methemoglobin, 
thus  reducing  the  ability  of  the  tissues  to  obtain  oxygen,  with  conse¬ 
quent  cyanosis  and  anoxemic  changes.  Methyl  acetylene  has  a  low  order 
of  toxicity.  In  high  concentrations,  it  causes  pulmonary  irritation. 
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BihlflL.III.jUfl 

MAC1  a  of  .Various  EUols 

MACf  ppm 

Ethyleno  oxide  100 

Butyl  mercaptan  10* 

Ammonia  100 

Aniline  5 

Methyl  acetylene  1000 


The  above  values  are  established  threshold  limit  values  of  the 
American  Conference  of  Governmental  Industrial  Hygienists* 

*  Tentative  value,  American  Conference  of  Governmental  Industrial 
Hygienists, 

Miscellaneous  Oxidizers, 

(U)  While  there  are  some  exceptions,  most  oxidizers  are 
irritants,  causing  respiratory  irritation  on  inhalation  of  the  vapors j 
they  may  also  cause  eye  and  skin  irritation  when  the  liquid  is  splashed 
on  those  organs.  Among  the  corrosive  oxidizers  are  red  fuming  nitric 
acid,  white  fuming  nitric  acid,  hydrogen  peroxide,  fluorine,  and 
fluorine  oxide.  Oxygen,  of  course,  is  not  toxic  in  the  gaseous  form, 
The  liquid,  however,  because  of  its  low  temperature,  may  cause  local 
damage  resembling  bums  if  it  is  splashed  on  skin,  Perchloryl 
fluoride  is  not  highly  toxic.  Preliminary  information  suggests  that 
this  compound  may  be  much  more  easily  handled  from  the  standpoint  of 
toxic  hazard  than  most  oxidizers. 

Table  IV  (U) 

MAC1 s  of  Various  _ Oxidizers 

MAC,  ppm 

Red  fUming  nitric  acid  (as  NO2)  5 

90/6  Hydrogen  peroxide  1 

fluorine  0,1 


3he  above  values  are  established  threshold  limit  values  of  the 
American  Conference  of  Governmental  Industrial  Hygienists,  No  value 
has  been  established  for  fluorine  oxide,  but  it  is  anticipated  that  ** 
it  would  be  below  0,1  ppm. 
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.  .  (U)  “■?  «•»»<>  information  la  rathor  general  In  nature,  and 

f'  L^r,tl0M  tt0  of  the  varioua  lljn 

entm^nl  i«?Th<,V'IOr  Jj’£°™ltlon  ls  elven  in  a  publication 

(TB1S3‘,5/?aitht^!!Sr^/ro?clro?oli“f  IViel*  8114  ftddiaera* 
i  Z  .  2iZ’  "avUad  P-5035,  Af?  160-6-3).  Ihe  Chemical  Warfare 
laboratories,  at  Army  Chemical  Center,  Maryland,  have  a  continuing 

of°the  tn^  l  "“T*8  f  C^mical0“,  under  which  atodifs 

.? JJ*  ^c<>loSr  of  various  propellants,  as  well  as  other  military 
chemicais,  are  carried  out.  More  detailed  information  on  moat  of 
these  propellants  is  published  in  technical  reports  of  the  CW 

n^®fle  "Ports  receive  a  wide  distribution  within  the 

fUrther  distribution  can  be  made  to  anyone 
in  the  Armed  Services  with  a  need  for  the  informatieny  within  prel 
vailing  security  restrictions.  Also,  inquiries  on  the  toxicology  of 
^compounds  studied  in  the  CW  laboratories  will  be  welcomed  afa^y 
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HEAT  TRANSFER  PROPERTIES  OF  ANHYDROUS  AMMONIA 


T.  F.  Reinhardt,  R.  L.  Potter,  and  F.  M.  Moore 
Bell  Aircraft  Corporation 
Rockets  Division 
Buffalo,  New  York 

Purpose 


A  program  was  undertaken  recently  at  Bell  Aircraft  Corpora¬ 
tion  under  Contract  AF33(6l6)-3$70  to  investigate  the  heat  transfer 
properties  of  anhydrous  aomonia.  The  primary  objective  of  the  program 
was  to  assess  the  value  of  anhydrous  ammonia  as  a  regenerative  coolant 
for  a  rocket  thrust  chamber.  Consequently  the  program  was  concerned 
with  measurement  of  forced  convection  heat  transfer  coefficients  at 
high  heat  flux,  in  both  non-boiling  and  nucleate  boiling  regimes. 

Introduction 

Anhydrous  ammonia  has  been  used  widely  as  both  a  thermody¬ 
namic  working  fluid  and  a  heat  transfer  medium  for  many  years.  Its 
utilization  as  a  working  fluid  in  mechanical  refrigeration  systems 
has  prompted  thorough  investigation  of  its  physical  and  thermodynamic 
properties.  As  a  consequence,  extensive  data  are  available  in  the 
literature  on  the  physical,  thermodynamic,  and  transport  properties 
of  anhydrous  ammonia. 

Interest  in  anhydrous  ammonia  as  a  rocket  fuel  has  developed 
relatively  recently.  Since  the  operating  conditions  of  a  rocket 
engine  differ  markedly  from  those  of  a  refrigerator,  it  is  not  sur¬ 
prising  that  some  extension  of  physical  data  has  proved  to  be 
necessary.  Nevertheless,  in  most  cases  existing  data  have  been 
reliable  enough  to  allow  for  reasonable  extrapolation. 

The  determination  of  heat  transfer  properties  of  a  fluid 
consists  of  measuring  the  coefficient  of  heat  transfer  (h)  between 
the  moving  fluid  and  a  stationary  wall,  and  relating  it  to  the  velo¬ 
city  of  flow,  the  dimensions  of  the  flow  passage,  the  pressure,  the 
temperature,  and  the  properties  of  the  fluid.  The  coefficient  of 
heat  transfer  is  defined  by  the  following  equations 
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h  - 

whero  q/A  -  heat  flow  per  unit  area  (e.g.  Btu/in^cec,) 
Tw  «  wall  temperature  (*F) 

Tf  -  bulk  fluid  temperature  (*F) 


q/A 

V*f 


Equation  (1)  is  known  as  Newton's  Law  of  Cooling,  and  is 
analogous  to  Ohm's  Law,  It  may  be  considered  valid  as  long  as  the 
fluid  is  in  one  phase,  but  becomes  meaningless  if  nucleate  boiling 
occurs  on  the  wall.  In  the  latter  Case,  q/A  may  be  increased  signi¬ 
ficantly  with  little  or  no  change  in  Tw.  There  is  a  maximum  value  of 
q/A  which  can  be  absorbed  in  thi-3  manner,  beyond  which  the  wall  be¬ 
comes  blanketed  with  vapor  and  Tw  undergoes  a  sudden  large  increase. 
The  nucleate  boiling  region,  its  upper  limit,  and  the  conditions  of 
pressure,  bulk  temperature,  and  velocity  under  which  stable  nucleate 
boiling  may  be  maintained,  are  of  primary  concern  to  the  rocket 
engineer. 


Method  of  Test 


The  heat  transfer  experiments  with  anhydrous  ammonia  were 
conducted  in  a  forced  convection  apparatus  which  was  designed  and 
built  at  Bell  Aircraft  Corporation,  and  which  has  been  used  with 
several  other  fluids  (Ref,  1,  2,  3),  The  heart  of  the  apparatus  is  an 
electrically  heated  stainless  steel  tube  3/l6  inch  O.D,  x  ,010  inch 
wall  thickness,  mounted  concentric  with  a  5/l6  inch  I.D.  heavy  walled 
Pyrex  tube.  The  fluid  under  investigation  flows  in  the  annulus 
between  the  two  tubes.  The  heated  section  of  the  stainless  steel  tube 
is  2  inches  long,  A  photograph  of  the  test  section  is  shown  in  Fig,  1, 
and  a  disassembled  view  is  shown  in  Fig,  2,  Auxiliary  equipment 
includes  high-pressure  storage  and  receiver  tanks,  a  heat  exchanger  to 
regulate  the  bulk  temperature  of  the  fluid,  a  20  KW  direct  current 
generator  (synchronous  motor  driven)  to  supply  the  heater  current,  a 
Potter  flowmeter  to  measure  the  fluid  flow  rate,  thermocouples  to 
measure  heater  tube  and  bulk  fluid  temperatures,  Tabor  pressure  trans¬ 
ducers  to  measure  system  pressure  and  pressure  drop  across  the  heater, 
strip  chart  recorders  to  make  simultaneous  records  of  heater  voltage 
and  current,  pressures,  temperatures,  and  flow  rate,  and  the  necessary 
piping,  valves,  and  controls.  Gas  pressure  is  applied  to  the  storage 
tank  to  force  the  fluid  through  the  test  section.  Current  is  applied 
to  the  heater  tube  in  stepwise  increments  until  tube  burnout  occurs, 
or  until  the  maximum  output  of  the  generator  has  been  reached.  At 
maximum  generator  output,  the  heat  flux  from  the  heater  tube  is  about 
12  Btu/in^sec  (6,200,000  Btu/ft^hr).  Since  the  generator  is  synchro¬ 
nous  motor  driven,  its  output  is  independent  of  line  voltage  fluctua¬ 
tions,  and  the  current  flow  can  be  maintained  at  precise  values  for 
indefinite  periods.  A  shortcoming  of  the  generator  is  its  large 
inductance,  which  causes  the  heat  flux  to  increase  with  momentary 
increases  in  tube  temperature.  This  phenomenon  causes  burnouts  to 
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occur  as  soon  as  any  instability  dovolops  in  the  boundary  layer. 

The  heater  input  can  be  measured  with  a  high  degree  of 
accuracy  from  the  voltrigo  drop  and  the  current  through  the  tube.  Due 
to  the  annular  design  of  the  apparatus,  it  can  be  assumed  with  high 
accuracy. that,  under  steady  state  conditions,  all  of  the  heat  gen¬ 
erated  in  the  tubo  is  transferred  to  the  fluid.  This  can  be  checked 
by  measuring  the  flow  rate  and  the  bulk  temperature  rise  of  the  fluid, 
but  the  latter  measurements  are  less  accurate  than  the  electrical 
measurements.  The  inside  wall  temperature  of  the  heater  tube  is 
measured  by  three  chromel-alumel  thermocouples  located  along  the  axi3 
of  the  tube,  not  touching  the  walls.  Since  heat  can  only  flow  radi¬ 
ally  outward  from  the  heater  tube,  the  temperature  everywhere  inside 
the  tube  must  be  equal  to  the  inside  wall  temperature.  The  outside 
wall  temperature,  which  is  required  for  our  heat  transfer  correlation, 
is  calculated  from  the  inside  wall  temperature,  assuming  the  tube  to 
be  heated  uniformly  through  its  cross  section  and  to  be  cooled  on  the 
O.D.  only  by  the  following  formula: 


Ti-T0  -  q/A  jr  (1/2  ♦  \  £-) 


(2) 


where  X  «  wall  thickness 


K^j  -  mean  thermal  conductivity  of  the  wall 

The  assumption  of  uniform  electrical  and  thermal  conductivi¬ 
ties  is  theoretically  in  error,  but  the  magnitude  of  the  error  is 
small  as  the  tube  wall  is  very  thin.  The  coolant  bulk  temperature  is 
obtained  by  averaging  thermocouple  readings  taken  in  the  inlet  and 
outlet  plenum  chambers  of  the  test  section.  Errors  due  to  heat  loss 
from  the  apparatus  to  the  surrounding  air  are  believed  to  be  very 
small.  Errors  in  determining  bulk  temperature  are  estimated  to  be 
±  2  degrees.  Errors  in  determining  T0  are  estimated  at  from  ±  2  to 
±  5  degrees;  the  error  increasing  with  increasing  heat  flux.  Errors 
in  determining  heat  flux  are  believed  to  be  less  than  ±  1  percent. 

Correlations  of  heat  transfer  data  may  show  greater  errors 
than  the  above  due  to  uncertainties  in  the  values  of  the  transport 
properties  used.  For  ammonia,  the  density,  heat  capacity,  and  vapor 
pressure  data  of  National  Bureau  of  Standards,  Ref,  U,  and  the  vis¬ 
cosity  data  of  Carmichael  and  Sage,  Ref.  $,  appear  to  be  quite  accu¬ 
rate.  However,  the  single  value  of  thermal  conductivity  given  by 
Kardos,  Ref.  6,  is  of  doubtful  accuracy,  and  the  variation  with  tem¬ 
perature  is  not  known. 

Dean  (Ref,  2)  calibrated  this  apparatus  with  water,  and 
compared  results  with  calculated  results  from  the  Sieder-Tate  Equation 
(Ref,  7)  in  the  non-boiling  region.  Agreement  with  the  constant  and 
exponents  of  the  equation  was  good;  the  data  showed  a  '’scatter" 
(standard  deviation)  of  5.8  percent.  Data  obtained  on  RFNA,  however, 
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had  a  standard  deviation  of  li*. 3  percent,  which  was  attributed  to 
variations  in  the  acid  composition,  doubt  concerning  the  physical 
properties,  and  to  scale  formation.  The  present  work  on  ammonia, 
when  compared  v/ith  the  Dittus-Boelter  Equation  (Ref.  8)  shows  a 
standard  deviation  of  U*.9  percent.  The  data  at  low  values  of  A  T 
show  the  greatest  scatter,  which  reflects  the  limit  of  accuracy  of 
pur  temperature  measurements.  Data  for  a  A  T  less  than  1Q*F  are 
considered  to  be  unreliable. 

Discussion  of  Results 

A  total  of  36  test  rims  was  made  with  anhydrous  ammonia,  and 
a  total  of  600  data  points  was  obtained.  During  these  tests,  the 
system  pressure  was  varied  from  1*50  to  600  pounds  per  square  inch 
absolute,  the  bulk  temperature  from  35*F  to  127*F,  and  the  velocity 
from  22  to  125  feet  per  second.  The  aqnulus  width  was  0.0618  inch  in 
all  tests,  giving  a  flow  area  of  O.Oi*86  square  inch  (0.000333  sq.  ft.) 
and  an  equivalent  hydraulic  diameter  of  0.1235  inch  (0.01029  feet). 

In  Figure  3  are  shown  typical  uncorrelated  results  of  test 
runs,  with  the  heat  flux  (q/A)  plotted  versus  the  temperature,  differ¬ 
ence  (Tw-Tf)  on  log-log  paper.  The  slopes  of  the  lines  in  the  non¬ 
boiling  region  should  all  be  equal  to  unity,  in  accordance  with 
Equation  (l).  The  zero  intercepts  of  these  lines  should  give  values 
of  the  heat  transfer  coefficient,  h,  which  is  a  function  of  velocity. 
The  curves  show  a  sharp  upward  break  at  the  inception  of  nucleate 
boiling,  and  at  higher  values  of  q/A,  the  wall  temperature  remains 
nearly  constant.  This  break  occurs  at  a  temperature  only  2  to  10 
degrees  above  the  boiling  point  of  ammonia  at  the  system  pressure. 

The  onset  of  nucleate  boiling  could  be  observed  only  as  an  apparent 
discoloration  of  the  tube  surface.  Bubble  formation  could  not  be 
seen  visually  until  just  before  burnout.  There  was  no  evidence  of  any 
chemical  interaction  between  the  ammonia  and  the  stainless  steel  tube. 


UNCLASSIFIED 


Burnout  points  were  fairly  reproducible,  and  our  correlation 
efforts  are  shown  in  the  next  section.  Burnout  always  occurred 
suddenly,  without  any  visual  or  instrumented  warning.  There  was  no 
stable  film  boiling  region,  such  as  has  been  observed  with  JP-l* 

(Ref.  1)  and  with  RFNA  (Ref.  2).  It  has  been  noted  that  fluids  which 
are  mixtures  of  several  chemical  species  and  have  more  or  less  wide 
boiling  ranges  will  show  more  gradual  transitions  from  non-boiling  to 
nucleate  boiling,  and  may  show  a  stable  film  boiling  region.  The 
observed  behavior  for  ammonia  is  believed  to  be  typical  of  pure  com¬ 
pounds,  Another  factor  accounting  for  the  observed  difference  is  that 
ammonia  has  a  relatively  high  critical  pressure  of  1657  psia,  and  the 
difference  in  specific  volume  between  the  liquid  and  its  vapor  at 
500  psia  is  quite  large.  The  critical  pressures  of  hydrocarbons 
making  up  JP-l*  are  in  the  vicinity  of  1*00  psiaj  hence  at  this  pressure 
there  will  be  no  distinct  change  in  density  in  passing  from  the  liquid 
to  the  vapor  phase.  The  maximum  burnout  q/A  obsex'ved  during  the 
current  tests  was  9.03  Btu/in^sec  at  a  velocity  of  100  ft/sec,  a 
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preaeiuro  of  9l£  psia,  and  a  bulk  temperature  of  J>7*E.  However,  at 
125  ft /aec,  the  tube  did  not  burn  out  at  9.9  Btu/in2sec, 

Some  of  the  raw  data  show  an  anomalous  decrease  of  wall  tem¬ 
perature  with  increasing  q/A  in  the  nucleate  boiling  region.  This 
effect. was  traced  to  an  occasional  very  slight  leakage  of  ammonia 
between  the- heater  tube  and  the  copper  bus  insert.  This  leakage  per¬ 
mitted  ammonia  vapor  to  flow  to  atmosphere  past  the  heater  tube 
thermocouples,  causing  them  to  read  low.  The  amount  of  leakage,  and 
the  heat  absorbed  thereby,  was  negligible  in  comparison  with  the  total 
flow  and  heat  flux;  consequently  the  burnout  points  obtained  on  these 
runs  were  accepted  as  valid. 

Correlation  of  Data 

The  data  for  heat  transfer  to  ammonia  in  the  non-boiling 
regime  were  correlated  by  means  of  the  dimensionless  Husselt  relation 
of  the  form: 

Nu  -  A*Rea*Prb  (3) 

WD 

where  Nu  “  -g-  (Nusselt  number) 

Re  -  (Reynolds  number) 

Pr  */~E-(Prandtl  number) 

A,  a,  b  «  Constants 

The  above  equation  is  based  on  the  concept  of  "Reynold's 
Analogy"  relating  heat  transfer  to  momentum  transfer.  Heat  transfer 
data  from  a  wide  variety  of  sources  have  been  compiled  by  Me  Adams 
(Ref.  9N  Dittus  and  Boelter  (Ref.  8)  and  others  to  establish  the 
values  ox'  the  constants.  The  Dittus-Boelter  Equation  is: 

Nu  -  0.027  Re0,8  Pr0,k  (li) 

Figure  U  shows  the  non-boiling  data  for  ammonia  plotted 
against  the  Dittus-Boelter  Equation.  Statistical  analysis  of  our 
data  shows  that  the  constants  agree  with  the  Dittus-Boelter  Equation, 
with  a  standard  deviation  of  lU-9  percent.  Physical  properties  in 
this  correlation  are  evaluated  at  the  bulk  fluid  temperature. 

Nucleate  boiling  data  for  several  liquids  have  been  corre¬ 
lated  by  Rohsenow  (Ref.  10)  with  a  relationship  similar  in  form  to 
Equation  (3)  but  using  modified  parameters.  This  correlation  is  based 
on  A  Tsat>  or  the  difference  between  the  wall  temperature  and  the 
liquid  boiling  temperature,  as  the  driving  potential  for  heat  transfer 
in  nucleate  boiling.  Attempts  to  apply  this  correlation  to  the  pre¬ 
sent  ammonia  data  were  not  successful,  since  the  observed  values  of 
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^^a'at  Wure  within  the  limits  of  accuracy  of  the  wall  temperature 
measurement.  It  can  bo  concluded  qualitatively  that  AT^a^  waa  very 
small  in  comparison  with  results  obtained  for  other  fluids,  o.g. 

Ref,  2.  In  general,  our  qualitative  observations  agree  with  those  of 
other  observers.  Nucleate  boiling  occurred  at  a  temperature  slightly 
above  saturation,  and  the  location  and  slope  of  the  nucleate  boiling 
lino  were  unaffected  by  fluid  velocity  or  by  bulk  liquid  temperature, 

A  composite  plot  of  the  nucleate  boiling  data  is  shown  in  Figure  5. 

Burnout  heat  flux  was  found  to  bo  related  both  to  fluid 
velocity  and  to  bulk  liquid  temperature,  or  more  exactly  to  4T  ^ 
the  difference  between  the  bulk  temperature  and  the- saturation  tem¬ 
perature  at  the  system  pressure.  Figure  6  shows  a  plot  of  the 
burnout  heat  flux  versus  with  fluid  velocity  as  the  para¬ 

meter,  These  data  have  been  compared  with  data  recently  published 
by  the  Jet  Propulsion  laboratory  (Kef,  11),  The  JPL  data  show  a 
lower  dependence  of  (q/A)burnout  on  2lTsub  than  is  shown  on  our 
results, 

Ashley  (Ref,  3)  correlated  burnout  data  for  WFIJA  by  an 
equation  of  the  form 

(VAJ^out  -A-Vb-  ^T0sub  (5) 

This  form  of  equation  will  fit  the  data  over  a  limited  range, 
but  it  indicates  that  (q/A)burnout  to  zero  if  either  V  or  A Tgub 
goes  to  zero.  This  is  not  the  case  with  most  liquids. 

JPL,  Ref,  11  reported  burnout  heat  flux  of  wires  in  liquid 
ammonia.  Introducing  this  value  into  the  data  leads  to  an  equation 
containing  a  constant  term,  a  term  proportional  to  A Tsub>  and  a 
term  proportional  to  a  power  of  V  times  A  Tsub* 

(q/Ajgo  -  0.00137  vO-SjTg^1*2  -  0.0012  /JT^  +  1.71  But/in2sec  (6) 

where  V  is  in  feet  per  second,  and  /}  T  is  in  degrees  Fahrenheit, 

This  equation  fits  the  present  ammonia  data  with  a  scatter  of  ±0*738 
Btu/in2sec,  A  plot  of  this  correlation  is  shown  in  Figure  7» 

Conclusion 

Forced  convection  heat  transfer  data  have  been  measured  far 
anhydrous  ammonia  over  a  limited  range  of  pressures  in  the  non¬ 
boiling,  nucleate  boiling,  and  burnout  regimes.  These  data  indicate 
that  ammonia  is  potentially  an  excellent  coolant.  The  range  of 
pressures  investigated  was  limited  to  those  of  interest  for  regen¬ 
erative  cooling,  and  it  would  be  desirable  to  extend  this  range  in 
order  to  get  a  better  picture  of  the  dependence  of  cooling  properties 
on  pressure. 
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Figure  3  -  Liquid  Ammonia  Heat  Transfer 
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Figure  5  -  Composite  Plot  of  Nucleate  Boiling  Data  for  Ammonia 
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Figure  6  -  Burnout  Data  for  Ammonia 
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Figure  7  -  Correlation  of  Burnout  Data  by  Equation  (6) 
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PETROLEUM  DERIVABLE  NITRCGEN  COMPOUNDS  AS  LIQUID  ROCKET  FUELS 


J.  E.  Mahan,  H.  M.  Fox,  H.  W.  Boat,  0.  E.  Larsen  and  R.  C.  Doaa 

Phillips  Petroleum  Company 
Bartlesville,  Oklahoma 

SUMMARY 

This  is  a  report  of  a  study  of  petroleum  derivable  chemicals 
as  potential  rocket  fuels.  The  most  promising  of  the  chemicals  in¬ 
vestigated  were  the  low  molecular  weight  ditertiary  diamines.  They 
possess  wide  liquid  ranges  (low  freezing  points,  high  boiling  points) 
short  ignition  delays  at  temperatures  as  low  a3  -65  F,  low  viscosities, 
long-term  storage  stability,  thermal  stability  at  elevated  temper¬ 
atures  (500  F  plus),  efficient  combustion  with  red  fuming  nitric  acid, 
high  bulk  performance,  ease  of  preparation,  and  low  cost  of  raw 
materials. 

A  limited  study  of  solutions  of  the  nitrate  salts  of  the  di¬ 
amines  in  nitric  acid  as  potential  high  energy  monopropellants  has 
been  made.  These  solutions  have  most  of  the  properties  desirable  in  a 
monopropellant.  Poor  thermal  stability  is  the  chief  problem. 


CONFIDENTIAL 


CONFIDENTIAL 


PETROLEUM  DERIVABLE  NITROGEN  COMPOUNDS  AS  LIQUID  ROCKET  FUELS 


J.  E.  Mahan,  H.  M.  Fox,  H.  W.  Boat,  0.  E.  Larsen  and  R.  C.  D033 

Phillips  Petroleum  Company 
Bartlesville,  Oklahoma 

I.  INTRODUCTION 

About  3ix  years  ago  Phillips  Petroleum  Company  began  a 
program  under  a  Navy  Bureau  of  Ordnance  contract' in  search  of 
petroleum  derivable  materials  potentially  useful  as  liquid  rocket  pro¬ 
pellants.  Since  that  time  thi3  work  has  been  fairly  continuous  first 
under  the  Bureau  of  Ordnance  contract  and  later  under  an  Air  Force 
contractC2).  The  purpose  of  this  report  is  to  summarize  the  important 
results  of  this  work,  particularly  results  pertaining  to  the  tertiary 
diamines  which  evolved  as  a  promising  class  of  compounds  for  use  as 
liquid  rocket  fuels  with  nitric  acid  oxidizers. 

One  of  the  chief  criteria  used  in  screening  these  potential 
liquid  rocket  propellants  was  the  hypergolicity  of  the  fuels  with  red 
fuming  and  white  fuming  nitric  acids.  Two  measures  of  hypergolicity 
were  used  (a)  ignition  delay,  and  (b)  maximum  tolerance  of  a  diluent, 
without  loss  of  hypergolicity.  An  injector-type  laboratory  apparatus 
which  vigorously  and  rapidly  mixed  the  propellant  and  the  acid  was 
developed  to  measure  ignition  delays.  Since  shorter  ignition  delays 
result  in  smoother  and  more  dependable  ignition  and  apparently  smoother 
motor  operation,  materials  having  the  shortest  ignition  delays  were 
sought.  In  general,  an  arbitrary  value  of  50  milliseconds  delay  was 
taken  as  the  upper  limit  of  potential  usefulness.  Materials  which 
were  found  acceptable  from  this  standpoint  were  screened  further  on 
the  basis  of  physical  properties,  storage  characteristics,  and  cal¬ 
culated  performance  parameters.  The  physical  properties  considered 
to  be  most  important  were  freezing  point,  boiling  point,  density, 
and  viscosity.  Theoretical  performance  parameters  were  calculated  as 
a  function  of  fuel-oxidizer  ratio.  Some  of  these  were  specific  im¬ 
pulse,  characteristic  exhaust  velocity,  combustion  temperature,  and 
combustion  products.  From  specific  impulse  and  bulk  density,  overall 
volume  impulse  was  calculated.  a 

Approximately  500  compounds  were  evaluated  including  various 
types  of  hydrocarbons;  oxygen  containing  compounds  such  a3  alcohols, 

CONFIDENTIAL 


Mahan,  Fox,  float, 
Larsen  and  Doss 


Mahan,  Fox,  Lost, 
l-arsen  and  Doss 

CONFIDENTIAL 

ethers,  carbonates,  and  epoxides;  sulfur  containing  compounds  such  as 
mercaptans,  sulfides,  and  sulfanamides ;  nitrogen  containing  compounds 
including  amines,  nitriles,  pyridines,  and  pyrroles;  and  3orae  phos¬ 
phorous  containing  compounds  such  as  phosphates  and  phosphites. 

In  terms  of  broad  generalities  the  study  of  the  various 
classes  of  compounds  was  narrowed  to  a  study  of  the  ditertiory 
diamines  through  a  gradual  elimination  process  on  the  following  basis: 
Of  the  hydrocarbons,  only  those  containing  multiple  unsaturation 
appeared  to  hold  promise  and  these  compounds  were  under  investigation 
by  other  organizations  under  contract  with  the  Armed  Services;  the 
oxygenated  compounds  as  a  group  did  not  possess  the  desired  hyper- 
golicity  characteristics;  many  of  the  sulfur  compounds  exhibited 
properties  which  were  good  but  somewhat  less  attractive  than  those  of 
the  diamines;  many  of  the  phosphorus  compounds  possessed  good  ignition 
properties  but  these  materials  as  a  group  lost  favor  because  of  low 
impulse  and  gum  formation  and  nozzle  erosion  characteristics  found  in 
motor  firings.  A  study  of  the  nitrogen -containing  compounds  revealed 
that  the  ditertiary  diamines  possessed  better  low  temperature 
properties  than  other  amines  and  polyamine3  in  general.  These  di¬ 
tertiary  diamines  as  a  group  were  found  to  have  low  ignition  delays 
over  the  temperature  range  of  75  F  to  -65  F,  excellent  physical 
properties,  and  good  calculated  theoretical  performance  characteris¬ 
tics.  From  thi3  screening  program  the  ditertiary  diamines  emerged 
as  the  most  promising  of  the  fuels  investigated  and  subsequent  work 
was  directed  toward  a  study  of  this  class  of  compounds. 

II.  TERTIARY  DIAMINES  AS  LIQUID  BIPROPELLANT  FUELS 
A.  Preparation 

A  number  of  ditertiary  diamine3  were  prepared.  Special 
methods  were  required  for  the  preparation  of  some  of  these  materials 
but  most  of  these  compounds,  particularly  those  of  low  molecular 
weight,  were  prepared  by  one  of  the  three  following  methods: 

(1)  R2NH  ♦  XCHR>(CH2)nX _ >.  R2NCHR*(CH2)nNR2  ♦  2HX 

(2)  R2NH  ♦  R'CH  -  CHCHO  desiccant  >  R^CHR’CH  -  CHNR2  ♦  H20 

(3)  R2NCHR»CH  -  CHNR2  ♦  H2  cat. >  R2NCHR»CH2CH2NR2 

press  : 

A  considerable  amount  of  study  was  given  to  the  preparation 
of  the  diamines  through  the  use  of  epoxides  in  the  following  manner: 

R2NH  ♦  CH^CHR'  _ R2NCH2CHOH  R2ml  R2NCH2CHR'NR2 

k' 
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The  fir3t  atep  of  the  reaction  proceeded  readily  but  none  of  the 
known  methods  of  direct  conversion  of  alcohols  to  amines  were  found 
to  be  effective  in  this  conversion  of  a  fi  -aminoalcohol  to  the  corres¬ 
ponding  diamine.  While  it  is  not  known  to  what  this  change  in  the 
characteristics  of  the  carbon-oxygen  bond  may  be  attributed,  it  is 
apparent  that  a  marked  change  has  been  produced.  Similarly,  attempts 
to  produce  the  propene-diamine  through  the  reaction  of  epichloro- 
hydrin  and  a  secondary  amine  followed  by  dehydration  of  the  diamino- 
alcohol  as  represented  below  were  unsuccessful. 

2R2fJ»  ♦  gH^teHCH2Ci— ».  ~H2°>  R2NCH2CH  -  CHNftj 

Again,  the  first  step  proceeded  readily  but  the  second  step  is  not 
achieved  by  any  of  the  usual  methods.  Comparable  intractability  of 
the  corresponding  diaminoi3opropylchloride  toward  dehydrohalogenation 
has  been  reported  in  the  literature.  These  difficulties  eliminated 
an  otherwise  promising  route  to  several  of  these  diamines. 


B.  Laboratory  Evaluation 


A  study  of  the  ignition  delays  of  most  of  the  possible 
saturated  and  olefinic  diamines  and  a  few  of  the  acetylenic  diamines 
of  the  general  structure  ( CH^ ) 2N-R-N ( CH3 ) 2  where  R  *  C,  through  Ci 
plus  tetramethylhexane-l,6-diamine  was  made.  It  was  found  that  of 
this  series  of  diamines  the  methylenediamine  was  unsatisfactory  at 
room  temperature  and  the  hexane-1, 6-diamine  and  2-butyne-l, 4-diamine 
were  unsatisfactory  at  low  temperatures.  Otherwise  almost  all  of  this 
class  of  compounds  was  found  to  be  acceptable  from  the  standpoint  of 
ignition  delay  characteristics  over  the  range  75  F  to  -65  F.  Figure  1 
shows  the  comparison  of  the  ignition  delays  of  several  of  these 
diamines  at  75  F.  A  curve  is  drawn  to  show  graphically  the  correlation 
between  the  length  of  the  straight  chain  carbon  structure  between  the 
nitrogen  atoms  and  the  ignition  delay.  Other  comparisons  can  be  drawn 
from  the  indications  afforded  by  these  limited  data:  e.g.  o(.-branching 
appears  to  be  beneficial  while  p -branching  offers  no  advantage,  etc. 
Since  all  of  these  materials  are  in  the  range  of  acceptability  both  at 
this  temperature  and  at  low  temperatures,  no  particular  benefit  is  to 
be  derived  by  such  comparisons  of  these  materials  falling  in  so 
narrow  a  range  of  ignition  delay  characteristics.  Therefore,  pre¬ 
liminary  selection  of  the  most  desirable  fuel  is  dependent  upon  the 
physical  and  storage  characteristics  with  final  selection  being 
necessarily  dependent  upon  the  firing  and  operational  characteristics 
of  the  fuel  in  actual  motor  evaluation. 


A  study  of  the  storage  characteristics  of  several  of  the 
diamines  wa3  made.  Samples  were  stored  at  140  F  in  both  clear  and 
black  containers,  under  atmospheres  of  nitrogen  and  of  air,  in  glass 
containers  alone  and  in  glass  containers  in  contact  with  various  con¬ 
struction  materials  likely  to  be  encountered  in  rocket  usage.  These 
included  1020  G.R.  Steel,  347  stainless  steel,  61ST  aluminum,  copper, 
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Hyc-ir  rubber,  Teflon,  Kel-F,  Tygon,  Crane  Packing,  Neoprene  and 
Marlcx*  polyethylene. 

In  glas3  containers  the  unsaturated  materials  darkened  some¬ 
what  on  long-term  standing  but  the  ignition  delay  characteristics  of 
these  materials  did  not  appear  to  be  changed  by  this  discoloration. 

At  elevated  temperatures  these  materials  decompose  rather  rapidly.  It 
has  been  found,  for  example,  that  N,N,Nr,N»-tetramethyl-l-butene-l,3- 
diamlne  decomposes  within  a  matter  of  minutes  at  500  F.  During  the 
heating  the  presence  of  a  small  amount  of  sodium  to  remove  the  last 
traces  of  water,  however,  will  allow  the  butene  to  be  heated  at  500  F 
for  one  hour  without  appreciable  change.  The  saturated  materials  are 
quite  stable  and  will  withstand  heating  at  500  F  for  one  hour  without 
appreciable  change,  indicating  potential  usefulness  of  these  materials 
in  missile  skin  and  rocket  nozzle  cooling  applications. 

Storage  tests  in  contact  with  construction  materials  showed 
that,  in  general,  C.R.  steel,  347  SS,  aluminum.  Teflon,  and  Marlex* 
polyethylene  were  found  to  be  acceptable  as  construction  materials  for 
use  in  contact  with  these  amines.  Crane  packing  is  suitable  in  con¬ 
tact  with  saturated  amine3  but  is  attacked  somewhat  by  the  unsaturated 
diamines.  Neoprene,  Kel-F,  Tygon  and  Hycar  rubber  are  generally 
attacked  by  these  fuels. 

The  Naval  Ordnance  Test  Station  reported  at  the  Bi-propel- 
lants  Research  Meeting,  which  was  held  in  Los  Angeles  in  May,  1956,  on 
the  thermal  stability  of  the  diamines.  They  used  a  closed  bomb  con¬ 
nected  with  a  manometer  and  determined  pressure  build-up  at  a  constant 
bomb  temperature  of  122  F.  On  a  saturated  diamine,  N,N,N* ,N*-tetra- 
methylpropane-1, 3-diamine,  there  was  no  pressure  build-up  in  storage 
under  these  conditions;  on  the  other  hand,  the  analogous  propene-1,3- 
diamine  had  a  pressure  build-up  of  5.7  mm  of  mercury  per  day.  How¬ 
ever,  it  has  been  seen  that  this  material  can  be  stabilized  by  adding 
a  small  amount  of  sodium  to  remove  the  last  traces  of  water. 

A  limited  investigation  of  the  toxicity  of  the  propane  and 
propene  derivatives  was  made.  It  was  found  that  these  materials  must 
be  handled  with  the  3ame  precautions  as  common  nitrogen  chemicals  such 
as  aniline  and  the  methylamines;  that  is,  they  are  severe  skin  and  eye 
irritants. 

C.  Motor  Evaluation 

Table  I  summarizes  the  physical  properties  and  performance 
data  obtained  in  five  of  the  most  promising  tertiary  diamines  investi¬ 
gated.  The  wide  liquid  range  of  these  materials  is  worthy  of  note. 

In  general,  these  materials  have  freezing  points  considerably  below 
the  minimum  service  requirement,  -65  F,  and  at  the  same  time  have  high 


*A  trademark  of  Phillips1  family  of  olefin  polymers. 
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boiling  points,  much  higher  in  moat  cases  than  unsymmetrical  dimethyl- 
hydrazine,  commonly  used  an  a  nitric  acid  hypcrgol.  Consequently, 
vapor  pressures  at  temperatures  encountered  in  skin  and  motor  cooling 
applications  would  be  much  le33.  This  coupled  with  the  thermal 
stability  of  the  saturated  tertiary  diamines  appears  as  an  important 
advantage  of  these  materials.  Viscosities  vary  from  compound  to  com¬ 
pound  but  they  fall  well  below  40  centistokes  at  -65  F  generally  con¬ 
sidered  adequate  for  most  applications.  While  the  densities  of  the 
diamines  are  lower  than  desired,  they  compare  favorably  with  UBMH.  It 
is  to  be  noted  that  the  stoichiometry  of  the  diamines  i3  3uch  thitanan 
overall  basis  they  are  considerably  superior  to  UDMH. 

Recent  firing  tests  of  ,N'-tetramethylpropane-l,3- 

diamlne  at  N0T3  have  been  reported.  These  test3  were  run  in  a  1500-lb 
motor  designed  to  simulate  LAR.  This  motor  i3  very  severe  having  a 
very  low  L*  and  operating  under  conditions  such  that  one-half  pound 
of  propellant  per  cubic  inch  of  motor  volume  per  second  is  consumed. 
Data  reported  by  NOTS  on  these  firings  are  as  follows: 


0/F 

c* 

2.63 

5170 

2.90 

5255 

3.45 

4950 

3.76 

4950 

4.03 

4905 

These  data  were  obtained  using  an  injector  designed  for  UDMH  giving 
5260  ft/sec  c*  at  2.63  O/F  nitric  acid  to  fuel  ratio.  Since  this 
represents  the  optimum  oxidizer  to  fuel  ratio  for  UDMH  it  is  seen  that 
the  propane  diamine  peaks  at  roughly  the  same  value  of  c*  but  at  a  much 
higher  oxidizer  to  fuel  ratio.  This  confirms  in  practice  the  theoreti¬ 
cal  overall  volume  impulse  advantage  of  the  diamines. 

The  propene  diamine  was  fired  in  the  LAR  in  earlier  tests  and 
was  found  to  be  satisfactory.  An  impulse  of  195  lbf-sec  was  reported 

as  compared  to  172  obtained  under  similar  conditions  for  UDMH  and  200 
for  the  low  freezing  hydrazine  mixture.  This  also  indicates  that  the 
diamines,  at  least  thi3  one  unsaturated  diamine,  are  very  reactive 
even  under  very  severe  combustion  conditions  such  as  the  LAR  motor. 

Firings  using  N,N,N • ,N'-tetramethylethane-l, 2-diamine, 

N ,N  * ,N ' -tetramethylpropane-1, 2-diamine ,  N, N ,N ' ,N ' -tetrnmethylbutane- 
1, 3-diamine,  and  N,N,N' ,N'-tetrnniethyl-l-butene-l, 3-diamine  as  well  as 
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those  of  the  propane  and  propene  diamines  have  been  made  at  WADC  in 
the  100-lb  Aerojet  Universal  Propellant  Tester  or  in  a  200-lb  uncooled 
motor. 

Below  is  a  condensed  summary  of  the  data  obtained  in  firing 
tests  at  WADC  in  the  Aerojet  Universal  Propellant  Tester. 


Max.  Isp 

Wo/Wf 

at  Max.  ] 

M,N,N ' ,N 1 -tetramethylethane- 
1, 2-diamine 

220.9 

3.0 

16,77 4 

M,M,N,,N'-tetramethylpropane- 
1, 2-diamine 

219.3 

3.38 

16,655 

N,N,N '  ,N ' -tetramethylpropane- 
1,3-diamine 

212.0 

3.4 

16,433 

N,N,N ' , N ' -tetramethylpropene- 
1,3-diamine 

218.0 

3.5 

17,261 

N,N,N' ,N'-tetramethylbutane- 
1,3 -diamine 

218.7 

3.58 

17,165 

N,N,N ’ ,N ' -tetramethyl-l-fcutene- 
1,3-diamine 

219.1 

3.28 

17,179 

D.  Host  Promising  Ditertiary  Diamines  Evaluated 

While  all  of  the  lovr  molecular  weight  ditertiary  diamines 
have  most  of  the  characteristics  desirable  in  a  nitric  acid  hypergol, 
two  have  been  singled  out  as  most  promising.  These  are  N,N,N,,N'- 
tetramethylethane-1, 2-diamine  and  N,N,W,,N,-tetramethylbutane-l,3~ 
diamine.  They  are  among  the  ones  evaluated  rather  extensively.  They 
should  present  no  problems  in  rocket  usage  from  a  storage  standpoint 
being  thermally  stable  to  at  least  500  F,  or  from  a  physical  property 
standpoint.  Fallistically,  they  appear  as  good  or  better  than 
unsymmetrical  dimethylhydrazine.  Pertinent  properties  of  these  two 
materials  are  tabulated  below  along  with  UDMH  for  comparison. 
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.Tetramethyl- 

etharie-1,2- 

diamine 

Tetramethyl- 

butane-1,3- 

diamtne 

Un sym¬ 
metrical 
Dimethyl- 
hvdrazine 

Boiling  Point,  F  ®  760  nun 

246-252 

319-350 

146<a) 

Freezing  Point,  F 

-70 

-131 

.72(a) 

Viscosity,  cs  &  -65  F 

3.0 

11.24 

5.s(b) 

Density,  g/ml  ®  20/4 

0.775 

0.795 

0.79(a) 

Motor  Data(°),  Universal  Propellant 

Tester,  WADC 

Isp  (0  300  psi 

220.9 

218.7 

c*,  ft/sec 

5170 

5181 

Wo/Wf 

3.00 

3.58 

Est.  Per  Cent  Eff., 

Expt.  Isp  x  100 

Equiv.  Theor.  Isp 

97.6 

97.2 

Calculated  Performance  Data 

Isp  @  300  psi 

226.3 

225.2 

232 

c*,  ft/sec 

5189 

5163 

5328 

Wo/Wf 

3.48 

3.50 

2.42 

Vol.  I3p,  lbf-sec/cu.  ft. 

17,577 

17,744 

17,409 

Wo/Wf 

4.18 

4.00 

3.05 

Laboratory  Ignition  Delay,  ms 

«  75  F 

7.2 

6.7 

0.6 

@  OF 

14.5 

7.4 

0.6 

0  -65  F 

25.2 

12.2 

2.3 

(a)  Ref.  3. 

(b)  5*0  cp  value  of  Ref,  3  converted  to  centistokes  using  density  » 

7.2  lb/gal. 

(c)  Oxidizer  used  was  RFNA,  12-20$  NOj, 
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III.  BLEMD3  OF  TERTIARY  DIAMINK3  AMD  JP-A  A3  LIQUID  ROCKET  FUELS 

From  a  logistics  standpoint  it  would  be  desirable  to  have  a 
material  which  could  be  added  in  small  quantities  to  a  jet  fuel  com¬ 
position  and  impart  to  thi3  less  expensive  and. more  readily  available 
fuel  the  characteristics  desired  of  a  rocket  fuel.  Somewhat  les3 
desirable,  but  also  to  be  considered,  is  the  possibility  of  adding 
such  jet  fuel  as  an  extender  to  that  fuel  and  thereby  reduce  the  cost 
of  the  total  propellant.  One  of  the  characteristics  particularly 
sought  in  either  case  is  that  of  hypergolicity.  Toward  either  of 
these  ends  a  considerable  amount  of  study  was  given  to  the  investi¬ 
gation  of  blends  of  the  diamines  with  JP-4.  The  diamines  were  found 
to  be  miscible  with  JP-4  in  all  proportions.  Series  of  bl6nds  of 
the  diamines  and  JP-4  were  prepared  3uch  that  the  following  cor¬ 
relations  of  the  structure  of  the  amines  with  the  effect  on  the  hyper¬ 
golicity  characteristics  of  the  JP-4  blend  might  be  made: 

(a)  The  effect  of  variations  in  the  length  of  the  carbon 
chain  between  the  two  nitrogen  atoms; 

(b)  Straight  chain  ver3U3  branched  chain  carbon  skeletons 
between  the  nitrogen  atoms; 

(c)  The  effect  of  unsaturation  versus  saturation; 

(d)  The  effect  of  variations  in  the  N-alkyl  substituents. 

From  thi3  study  several  generalizations  were  found  in  term3 
of  the  retention  of  hypergolicity  of  the  blend  as  the  percentage  of 
the  jet  fuel  was  increased.  It  was  found  that  the  substituted  ethane- 
diamines  imparted  more  desirable  ignition  delay  characteristics  to  the 
blends  than  did  the  diamines  containing  a  larger  carbon  chain  skeleton- 
either  straight  or  branched  chain — between  the  two  nitrogen  atoms.  The 
dilution  tolerance  of  the  saturated  diamines  to  JP-4  appeared  greater 
than  that  of  the  unsaturated  diamines  when  the  multiple  bond  and  the 
nitrogen  atom  were  attached  to  the  same  carbon  atom  in  a  vinyl  amine 
configuration.  When  only  allylic  amine  configurations  were  present, 
the  unsaturated  amines  had  greater  dilution  tolerances  than  the  corres¬ 
ponding  saturated  amines.  One  double  bond  in  a  diamine  molecule  did 
not  significantly  change  the  temperature  sensitivity  of  the  fuel.  The* 
presence  of  a  triple  bond  or  several  double  bonds  in  the  molecule  made 
the  fuel  more  sensitive  to  changes  in  temperature.  Variations  in  the 
N-alkyl  substituents  of  ethanediamine  showed  that  allylic  unsaturation 
produced  better  ignition  delay  properties  than  saturated  terminal 
groups  at  room  temperature.  Blends  of  the  unsaturated  fuel,  however, 
were  more  sensitive  to  temperature  changes  than  the  saturated  materials. 
Further,  methyl  group  substitution  was  found  to  produce  more  desirable 
dilution  properties  than  larger  alkyl  groups  and  blends  of  tertiary 
diamines  showed  less' sensitivity  to  temperature  than  primary  and 
secondary  amines. 
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In  general,  M,N,N%M'-tetramethylethane-l*2-di.amine  was  the 
beat  diamine  tested  relative  to  retention  of  hypergolicity  in  jet  fuel 
dilutions  over  the  temperature  range  of  75  F  to  -65  P.  In  this 
respect  UDMH  is  superior  to  the  diamines.  However,  on  an  overall  basis 
where  thermal  and  phase  stability  of  the  blend  and  physical  properties 
of  the  blend  are  considered,  the  diamines  may  be  more  favorable. 

IV.  SALT  SOLUTIONS  AS  LIQUID  M0N0PR0PELLANT3 

After  sufficient  study  had  been  given  to  the  investigation 
of  tertiary  diamines  to  demonstrate  that  these  materials  held  con¬ 
siderable  promise  for  potential  bipropellant  usage,  the  aims  of  the 
project  were  directed  toward  the  study  of  the  possible  usefulness  of 
these  materials  in  monopropellant  applications.  Because  of  the 
simplifications  in  motor  design  which  could  be  realized  through  the 
use  of  a  monopropellant  there  is  currently  a  great  need  for  an 
operational  high  impulse  monopropellant.  Dr.  John  Clark  and  his  co¬ 
workers  at  fJARTS  in  recent  months  have  investigated  the  potential  use¬ 
fulness  of  nitric  acid-monoamine  nitrate  3alt  solutions  for  this 
application. Extension  to  the  diamine  solutions  seemed  desirable. 
Calculated  performance  values  indicated  that  nitric  acid  solutions  of 
the  nitrate  salts  of  these  diamines  possess  theoretical  impulse  values 
in  the  range  of  220-225  lb-3ec/lfc  at  300  psi  chamber  pressure,  or  in 
excess  of  250  at  1000  psi  chamber  pressure. 

The  diamines  were  converted  to  their  nitrate  salts  and  these 
salts  were  dissolved  in  nitric  acid.  Anhydrous  nitric  acid  is  used  in 
the  preparation  of  these  solutions  because  of  the  increased  rate  of 
decomposition  of  some  of  these  solutions  caused  by  the  presence  of  the 
oxides  of  nitrogen.  Stoichiometrically  equivalent  solutions,  i.e., 
solutions  containing  a  ratio  of  salt  to  nitric  acid  such  that  all  the 
carbon  and  hydrogen  will  be  converted  to  carbon  dioxide  and  water,  were 
used  throughout  this  study.  However,  in  actual  usage,  solutions  con¬ 
taining  an  excess  of  salt  would  be  more  desirable  in  most  cases. 


These  solutions  were  then  screened  on  the  basis  of  physical 
properties,  thermal  stability,  burning  rate,  theoretical  performance, 
and  shock  sensitivity  characteristics.  Table  II  lists  the  properties 
of  three  of  these  acid-salt  solutions.  In  general,  the  densities, 
freezing  points,  and  burning  rate  characteristics  of  these  solutions 
were  good  but  their  thermal  stabilities  and  low  temperature  viscosities 
were  less  desirable. 


In  many  cases  a  small  amount  of  acetamide  (1.4  per  cent  of 
the  weight  of  the  acid)  was  added  to  the  solutions  to  reduce  the  rate 
of  accumulation  of  the  oxides  of  nitrogen.  In  some  cases  HF  was  also 
added.  It  is  recognised  that  additional  variables  of  undetermined 
magnitude  are  introduced  by  the  presence  of  additives  but  both  of  these 
materials  were  shown  to  markedly  increase  the  stability  of  some  of 
these  monopropellant  solutions.  For  the  sake  of  more  equitable  com¬ 
parisons,  then,  these  additives  were  included  in  some  of  these 
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propellants  before,  their  presence  in  these  solutions  was  shown  to  be 
advantageous.  In  some  cases  these  additives  were  shown  to  exert  very 
little  effect  on  the  stability  of  the  solution.  And  in  some  cases 
their  effect  on  other  characteristics  such  as  burning  rate,  card  gap 
sensitivity,  etc.,  have  been  shown  to  be  advantageous  while  harmful 
in  others.  No  clear  picture  of  the  role  played  by  such  additives 
has  come  to  light  and  a  considerable  amount  of  work  is  needed  to 
determine  the  net  worth  of  such  materials  in  these  systems. 

In  the  card-gap  tests  for  hydrodynamic  shock  sensitivity, 
stoichiometric  solutions  of  NjNjN'jN^tetramethylpropane-ljS-diamine 
dinitrate  exhibited  surprisingly  low  card-gap  sensitivities  of  12 
cards  each.  At  the  same  time  they  had  good  burning  rates  (0.303  inch 
per  second  at  600  psi  for  the  butane  derivative  solutions  containing 
acetamide).  But  on  storage  at  140  F  both  solutions  decomposed  suf¬ 
ficiently  in  less  than  three  days  to  cause  rupture  of  a  110  psi  blow¬ 
out  disk. 

A  few  generalizations  can  be  drawn  with  the  limited  amount 
of  test  data  available.  The  nitrate  salts  of  the  diamines  are  in¬ 
sensitive  to  mechanical  shock.  Most  of  these  salts  exhibit  a  greater 
solubility  in  nitric  acid  than  that  required  for  the  preparation  of 
stoichiometrically  equivalent  solutions.  The  solubility  of  N,N,N',N*- 
tetramethylbutane-1, 3-diamine  dinitrate  at  -40  F,  for  example,  is 
almost  two-fold  that  required  for  a  stoichiometrically  equivalent 
solution.  The  thermal  stability  of  these  solutions  has  not  been  found 
to  be  particularly  encouraging  and  insufficient  data  on  the  effects 
of  additives  has  been  obtained  to  indicate  the  potential  fruitfulness 
of  investigation  of  this  area. 

Limited  investigations  were  made  on  nitric  acid  solutions  of 
the  picrate  and  perchlorate  salts  of  a  few  diamines  and  monoamines. 

In  general,  the  picrate  solutions  were  unsatisfactory  because  of  their 
poor  solubility  or  thermal  stability  characteristics.  The  perchlorate 
solutions  on  the  other  hand  showed  a  very  surprising  degree  of  thermal 
stability,  considerably  greater  than  that  of  most  of  the  diamine 
dinitrate  solutions.  The  only  diamine  diperchlorate  solution  tested, 
however,  was  more  sensitive  to  shock  than  the  corresponding  nitrate 
solution.  But  determinations  of  the  sensitivity  of  the  monoamine 
perchlorates  have  not  been  made.  The  freezing  point,  viscosity, 
density,  and  theoretical  specific  impulse  characteristics  of  these 
materials  appear  promising. 
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CORRELATION  OF  STRUCTURE 
WITH  IGNITION  DELAY  TOR  DIAMINES  WITH  RFNA 


Mahan,  Fox,  bout, 
Larur-n  and  Do  a  3 
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THEORETICAL  AND  EXPERIMENTAL  EVALUATION  OF 
SEVERAL  AMINE  FUELS,  WITH  FUMING  NITRIC  ACID 


J,  S,  Gordon 

Wright  Air  Development  Center 
Wright-Patteraon  AFB,  Ohio 


The  bipropellant  test  program  of  the  Rocket  Propellant 
Section,  Fuel  and  Oil  Branch,  Power  Plant  Laboratory  has  been  oriented 
toward  hypergols  with  nitric  acid,  since  1954*  Engines  of  100,  200  and 
220  pounds  thrust  have  been  used.  Work  at  a  larger  thrust  level,  or 
where  quantitative  measurements  of  combustion  instability  are  necessary 
has  been  generally  done  elsewhere  by  contract*  Data  are  reported  here 
(RENA,  oxidizer,  pressure  ratio  ^00/l4.7)  out 

N,N  -  dimethylhydraziae  (UDKH) 

N^NJN',N'  -  tetramethyl  ethane  1,2  -  diamine  (’’ethane) 

N,N,N*,N*  -  tetramethyl  propane  1,2  -  diamine  ("1,2  -  propane 

N,N,N*^T*  -  tetramethyl  propane  1,3  -  diamine  ("1, 3-propane") 

N,N,N’,N'  -  tetramethyl  propene  1,3  -  diamine  ("propene") 

N,N,N',N'  -  tetramethyl  butene  1,3  -  diamine  ("butene") 
N.N.N'.N*  -  tetramethyl  butane  1,3  -  diamine  ("butane") 
diethylenetriamine  (DETA) 

N,N  -  dimethylamino  3-propylamine  (EKAPA) 
methylhydrazine  (MMH) 

N*N  -  dipropargyl  hydrazine  (UDPH) 

triethylamine 

DETA  -  UEMH  50-50  blend 

In  addition,  a  number  of  organic  nitrogen  compounds  were 
given  preliminary  screening, 

N.N  -  dimethylhydraziae.  Because  of  its  extremely  short 
ignition  delay,  good  theoretical  performance  and  potentially  unlimited 
availability,  UIMH  was  of  interest  to  this  Laboratory  as  early  aa  1950» 
WADC  performance  data  are  summarized  in  Fig,  1*  Peak  lap  of  222  and 
216  aeo.  were  obtained  in  200-lb  uncooled  and  100-lb  cooled  engines* . 
Theoretical  data  of  high  mixture  ratios  are  shown  in  Table  I. 
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Tetramethyl  diamines.  These  compounds  have  the  advantage 
of  low  freezing  point,  very  high  boiling  point,  good  experimental  per¬ 
formance  and  high  mixture  ratio  for  peak  performance*  Properties  of 
six  ditertiary  diamines  are  given  in  Table  1*  All  six  have  been 
fired  at  100  lb  thrust,  giving  Isp  of  2l6  to  221  sec*  "Ethane*  and 
"Butene*  were  also  fired  at  200  lb  thrust  (uncooled  motor)  and 
slightly  lower  performance  obtained*  "Propane*  was  also  fired  in  a 
220  lb  motor  with  film  and  water  cooling,  and  C*  measured*  Performance 
curves  are  given  in  Figures  2-7* 

Diethylenetrlamine*  Some  work  was  done  with  this  byproduct 
fuel*  Theoretical  performance  data  are  given  in  Fig*  14*  Experiment¬ 
ally,  200  sec.  lap  could  not  be  attained  (see  Fig  8*)*  Its  high 
freezing  point,  high  viscosity  and  mediocro  performance  make  it  un¬ 
attractive*  A  50-50  mixture  of  EETA-EMH  gave  about  the  average  per¬ 
formance  of  the  neat  fuels  (Fig.  |7)* 

Dime  thylamlnopropy  lamina*  A  comparison  of  this  mono  tertiary 
diamine  with  the  tetramethyl  diamines  is  of  interest*  Theoretical 
Isp  is  about  the  same  but,  experimentally,  200  sec*  Isp  could  not  be 
attained*  See  Fig*  9* 

Methylhydrazine*  At  present,  interest  in  M*H  is  secondary 
to  UEMH,  For  certain  production  processes,  the  cost  may  be  minimized 
by  accepting  a  mixture  of  MMH-UEKH  as  product*  The  eutectic  mixture 
(6056  UEMH,  freezing  point  -112°?)  was  chosen  for  study  at  100  lb 
thrust*  Performance  data  are  shown  in  Fig*  10*  There  is  no  perfor¬ 
mance  penalty  accruing  from  the  addition  of  UEMH  to  MMH,  The 
performance  of  MOH  monopropellant  was  calculated  (see  Figs.  II,  IS*- 16)* 

Propargylhydrazlnea*  Theoretical  shifting  lap  and  C*  are 
given  in  Fig.  12  for  dipropargyl  hydrazine*  Peak  Isp  is  only  2  sec* 
higher  than  UEMH*  In  ignition-delay  tests,  smooth  monopropellant 
ignition  was  obtained  with  UEMH  (9  ms  delay)  by  adding  one  drop  of 
RFNA  at  ambient  pressure*  Some  monopropellant  application  might  be 
feasible  although  the  decomposition  products  are  very  aooty  (67  vt,* 
carbon)*  Only  50  grams  were  available*  Monopropargyl  hydrazine  was 
also  tested  but  gave  unreliable  and  long  ignition  delays,  confirming 
soma  conclusions  reached  at  Aerojet  on  5 -member ed-ring  formation  in 
this  fuel,  leading  to  decreased  reactivity* 

Miscellaneous.  Dime  thy laminoothanol ,  dime  thy  lamino  2- 
methoxy  propane,  dimethylformamide,  acetone  cyanohydrin  and  ethylene 
cyanohydrin  were  evaluated  and  judged  unsatisfactory*  A  blend  of 
ethylmercaptol  of  acetaldehyde  -  75#  ethylmercaptal  of  acetone 
was  fired  at  100  lb  thrust  but  nozzle  corrosion  and  hard  coke  deposits 
were  severe* 

Conclusions:  Saturated  ditertiary  diamines  deserve  full 
consideration  for  applications  requiring  good  specific  performance, 
good  density  impulse,  high  thermal  stability  and  wide  liquid  range, 
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despite  the  commanding  lead  in  rocket  state  of  the  art  enjoyed  by 
UCfdl,  To  this  end,  a  supply  of  "butane”  is  to  be  fired  at  ^000  lb 
thrust*  Alkyl  polyaminea  without  fully  methylated  N  atoms  are  less 
satisfactory  fuel  candidates, 

tfork  in  progress.  A  study  ia  underway  at  Aerojet,  under 
WACC  sponsorship,  to  advance  the  state  of  the  art  in  UIXtf  with  ReNA 
and  oxygen.  Some  work  ia  underway  at  VADC  with  UIMH  at  chamber 
pressure  as  low  as  75  psia  in  support  of  high-altitude  rocket  research 
A  study  of  amine  nitrate  and  perchlorate  salts  is  being  conducted  by 
Phillips  Petroleum  Company  under  WADC  sponsorship,  Work  is  scheduled 
at  VaDC  with  percbloryl  fluoride  and  several  amine  fuels,  at  100  lb 
thrust.  An  oxygen-hydrogen  start  will  be  utilized. 
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table  i 

Theoretical  Performance  of  UEKH,  HFNA  (1  ip,  NOg,  2*5£  HgO) 
at  Shifting  Equilibrium 
Pc  *  300  psia 


M.R. 

Jag— 

C» 

CF 

Tc°g 

v* 

20 

106.1 

2463 

1.336 

835 

395 

18 

U3o 

2631 

I.388 

949 

459 

16 

122a 

2827 

1.390 

1085 

336 

14 

132.1 

3033 

1.392 

1230 

632 

12 

143.7 

3314 

1.395 

1454 

756 

10 

157.7 

3629 

1.398 

1715 

919 

7*5 

180,2 

4127 

1.405 

2147 

1217 

3.73 

232,4 

3208 

1.436 

2978 

2149 

2.5 

239.8 

5457 

1.414 

2963 

1314 
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FIG.  5 

"  PROPENE"  *  RFNA 

220*  THRUST 
54"  L  * 

FILM  AND  WATER  COOLEO 
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FIG.  6 

“BUTE  NE”‘-RFNA 

100#,  144"  L* 

CORRECTED  FOR  HEAT  TRANSFER 
200#,  UNCOOLED,  110"  L* 


THEOR.  FROZEN,  WFNA 
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PIG.  8 

DIETHYLENETRIAMIiC  -  RFflA 

200  //  thrust 

/  110'*  L*  uncooled  motor 

/  both  injectors  one-on-one 
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FIG.  13 


TRIETHYLAMINE  -  RFNA 

100*,  144"  l* 

CORRECTED  FOR  HEAT  TRANSFER 
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PIO.  I 5  Doeonpoaltlon  Tamparatura  of  Mathylhydrailna 

at  a  Function  of  Aauaonla  and  Mathana  Dacoapoaitlon 


FIG.  ^  Specific  Impulse  of  Msthylhydrasins 
as  a  Function  of  Ammonia  and  Msthana  Dissociation 
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DESENSITIZATION  OP  LIQUID  MONOPROPELLANTS  TO  ADIABATIC 
AIR  COMPRESSION  IMPACT  BY  THE  ADDITION  OP  ETHYLENE  OXIDE 


C.W.  Tait  and  W.A.  Cuddy 
Wyandotte  Chemicals  Corporation 
Wyandotte,  Michigan 


INTRODUCTION 

In  the  first  paper  of  this  series  (Ref.l),  which  Is  to  be  published 
in  the  proceedings  of  the  present  symposium,  but  is  not  to  be 
presented  orally,  an  apparatus  is  described  for  measuring  the 
sensitivity  of  liquid  monopropellants  to  adiabatic  air  compression. 
The  tester  is  a  modification  of  the  well-known  Bureau  of  Mines  Drop 
Weight  Tester  for  solid  propellants  and  explosives.  The  modifica¬ 
tions  center  around  three  things:  an  O-ring  to  contain  the  liquid 
and  to  provide  pressure  sealing,  a  rupture  disc  covering  an  orifice 
in  the  bottom  of  the  liquid  holder,  and  an  air  cavity  in  the  piston 
which  is  plunged  into  the  liquid  sample  by  the  drop  weight.  Details 
of  the  apparatus  are  shown  in  Figs.  1-3  of  Ref.  1. 

Using  the  standardized  specifications  for  the  tester  which  are 
listed  in  Ref.  1,  data  of  reasonably  good  reproducibility  were 
obtained  for  the  drop  heights  necessary  to  cause  several  monopropel¬ 
lants  to  be  consumed  because  of  the  application  of  the  impulse  by 
the  drop  weight.  With  the  particular  thickness  of  the  disc  used 
in  these  tests  consumption  of  the  liquid  did  not  lead  to  rupture  of 
the  disc.  A  bulge  was  blown  in  the  disc,  however.  Additional 
criteria  for  a  positive  result  in  the  drop  tests  were  the  disap¬ 
pearance  of  the  liquid,  the  formation  of  carbon  and  the  mangling 
of  the  O-ring.  In  a  negative  result  on  the  tester  the  liquid 
sample  and  the  O-ring  remained  intact  and  undamaged.  Also,  no 
carbon  was  formed.  Additional  discussion  will  be  presented  below 
of  the  pressure  rise  developed  in  the  air  cavity  during  the  com¬ 
pression  of  the  air  bubble  by  the  falling  weight. 

Using  the  above  criteria  for  a  positive  result  in  the  drop  weight 
test,  an  evaluation  of  the  sensitivity  of  several  monopropellants 
in  terms  of  the  50$  point  for  a  positive  test  was  obtained. 

Typical  data  are  given  in  Table  5  of  Ref  1. This  preliminary,  rela¬ 
tive  listing  of  monopropellants  appears  to  be  compatible  with  our 
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practical  experience  in  handling  the  materials. 

In  earlier  work  with  the  tester,  as  listed  in  Table  3  of  Ref.  1,  we 
had  found  that  the  addition  of  10^  by  weight  of  ethylene  oxide  to 
n-propyl  nitrate  or  to  2-mcthoxyethyl  nitrate  increased  the  50 fa 
point  for  positive  results  from  a  value  of  C  or  9  inches  to  a  value 
of  about  50  inches.  (A  value  of  50  inches  was  the  limit  of  the 
tester  range).  Naturally,  we  were  curious  about  why  small  additions 
of  ethylene  oxide  had  such  a  pronounced  effect  on  reducing  the 
sensitivity  of  these  monopropollants  as  measured  in  our  drop-weight 
tester.  It  is  the  purpose  of  this  paper  to  present  some  thoughts 
and  some  experimental  work  associated  with  the  elucidation  of  thi3 
phenomenon . 

CALCULATION  OF  THE  PRESSURE  DEVELOPED  DURING  COMPRESSION  OF  THE 
AIR  BUBBLE"" 

In  the  use  of  our  drop -weight  tester  it  has  been  assumed  that 
adiabatic  compression  of  the  air  bubble  present  in  the  cavity  of 
the  piston  generates  a  hot  spot  which  lead3  to  ignition  and  to 
combustion  of  the  liquid  monopropellant  contained  In  the  cavity 
of  the  0-ring.  It  appeared  desirable,  therefore,  to  calculate  the 
order  of  magnitude  of  pressure  and  temperature  that  would  result 
in  the  air  bubble  at  the  instant  that  the  velocity  of  the  falling 
weight  was  reduced  to  zero.  Such  a  calculation  would  indicate  if 
a  high  enough  temperature  would  be  obtained  to  cause  ignition.  In 
the  calculation  as  carried  out  the  assumption  was  made  that  all  Of 
the  kinetic  energy  that  the  falling  weight  possessed  when  it  hit 
the  piston  was  utilized  in  compressing  the  bubble. 

The  energy  available  from  the  falling  weight  would  be  equal  to  the 
work  done  in  lifting  the  weight  up  to  the  drop  height.  At  a  drop 
height  of  3  inches  for  a  5  pound  weight,  for  example,  the' energy 
available  would  be  1.25  foot-pounds  or  0.*K)4  calories. 

To  derive  an  expression  for  calculating  the  changes  that  occur 
during  adiabatic  compression  of  the  bubble,  use  is  made  of  the  first 
law  of  thermodynamics,  according  to  which 

dU  =  dq  -  dw  =  dq  -  pdv  (l) 

where  the  quantities  have  their  well-known  meanings.  Since  it  is 
also  true  that 

dU  =  CvdT  + 

It  is  apparent  that  by  combining  equations  1  and  2, equation  3  results. 

PJL) 

dq  «  CvdT  +  \Jv/t  +  pdv  (3) 


111) 

Vdv/T  dv  (2) 
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IX  it  is  assumed  that  the  gas  in  the  air  bubble  behaves  ns  a  perfect 
gas,  then 

l$!L 

pv  «  nRT  ,  (5) 

and 

dq  =5  CvdT  +  pdv,  (6 ) 

For  on  adiabatic  process,  dq  »  o  and  equation  6  reduces  to 

CvdT  =  -  pdv  (7) 

By  substituting  for  the  value  of  p  from  equation  5  into  equation  7 
there  is  obtained  the  expression 

dT  =  -_R  dv  (8) 

T  Cv  v 

Integration  of  equation  8  gives  the  result  that 

T  =.  Kv  “R/cv  (9) 

In  order  to  put  this  relationship  in  a  more  recognizable  form 
use  is  made  of  the  relationship 

Cp  -  Cv  =  p  /  dv  j 

VT/p  (10) 

which  can  be  obtained  by  operating  on  the  internal  energy  and 
heat  content  functions. 


Since  this  calculation  is  to  be  made  for  a  perfect  gas,  equation  10 
can  be  simplified  by  substituting  the  value  of  \—i  which  is 
obtained  from  equation  5  •  This  substitution  WT/P  leads  i 
relationship  that 


to  the 


Cp  -  Cv  a  R 


(11) 


Substitution  of  the  value  of  R  from  equation  11  into  equation  9 
results  in  the  relationship 

cp  -  cv  -r  +  1 

T  =  Kv  ~  Cv  »  Kv  (12) 

which  is  in  the  form  that  i3  normally  used. 
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In  order  to  find  the  volume  that  the  air  bubblo  would  be  compressed 
to  if  tho  drop  weight  energy  v/ere  all  used  In  adiabatic  compression, 
aii  integration  was  performed  according  to  equation  ljJ. 

rv 

-  Drop  Weight  energy  **  J  pdv  (13) 

vo 

Substitution  for  p  from  equation  5  and  for  T  from  equation  12  leads 
to  the  expression 

fv  _r 

-  Drop  weight  energy  »  nRK  J  v  dv.  (l4) 

vo 


Integration  yields 

-  Drop  weight  energy 


i-r  l-r 

nRK  v  .  v„ 

i-r  4 


(15) 


In  the  case  at  hand  for  a  3  inch  drop  of  a  5  pound  weight  (0  .40  4 
calories  of  energy)  onto  a  piston  containing  an  air  cavity  of 
O.0869  cc.  at  3°0°K.  with  a  Y  for  air  of  1.40,  a  final  volume  of 
1.66  x  10"8  cc.  would  be  obtained.  Substitution  of  this  volume 
into  equation  12  yields  a  value  of  23,200 °K.  for  the  temperature 
that  would  result  in  the  bubble  if  the  bubble  were  compressed  from 
atmospheric  pressure.  The  final  pressure  in  the  compression  would 
be  several  million  atmospheres. 


The  value  of  temperature  calculated  above  is  so  high  that  it  seems 
desirable  to  check  it  in  some  fashion.  Another  way  of  estimating 
the  temperature  is  to  compute  through  the  value  of  the  heat 
capacity  at  constant  volume  the  rise  in  temperature  that  would 
occur  if  0.404  calories  were  used  to  heat  up  the  known  amount  of 
air.  Using  the  approximate  value  of  5  calories/mole/degree  for 
the  heat  capacity  of  air  and  3*55  x  10-6  moles  of  gas,  which  the 
cavity  contains,  the  temperature  rise  would  be  23,000°C.  This 
rough  calculation  gives  a  value  of  temperature  which  is  in  good 
agreement  with  that  obtained  in  the  adiabatic  compression  calcula¬ 
tion. 

On  the  basis  of  the  rough  calculations  presented  above  it  appeared 
very  unlikely  that  all  of  the  energy  of  the  drop  weight  would  be 
used  in  compressing  the  air  bubble.  For  one  thing,  the  0-ring 
underneath  the  piston  lias  to  be  deformed  in  order  to  force  the 
liquid  up  into  the  air  cavity  to  provide  the  compression  of  the 
air  bubble.  Some  of  the  deformation  would  be  elastic  and  would 
convert  part  of  the  kinetic  energy  of  the  drop  weight  into  poten¬ 
tial  energy  which  would  cause  the  weight  to  rebound.  Additional 
energy  would  be  lost  through  friction,  through  the  sound  waves  that 
result  from  the  impact  and  scatter  in  all  directions,  and  through 
thermal  conduction  from  the  compressed  bubble.  Because  of  the 
uncertainty  of  how  much  energy  would  go  into  compression  of  tho 
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bubble  it  appeared  desirable  to  attempt  to  record  experimentally  the 
pressure  that  was  developed  within  the  cavity  of  the  piston. 

MEASUREMENT  OF  THE  PRESSURE  DEVELOPED  DURING  COMPRESSION  OF  THE 
AIR  BUBBLE 

In  designing  apparatus  for  measuring  the  pressures  developed  in  the 
cavity  of  the  drop  weight  tester#  emphasis  was  placed  on  reproducing 
accurately  the  internal  configuration  and  volume  relationships  in  the 
bomb  assembly.  The  test  bomb  designed  for  these  studies  had  the 
identical  internal  dimensions  after  assembly  as  the  test  bomb 
discussed  in  Ref.  1#  which  was  used  to  obtain  the  drop  height  50$ 
points  for  the  several  nonopropellants.  In  thi3  modified  assembly, 
however,  the  rupture  diaphragpn  rested  directly  on  a  Control 
Engineering  strain  gage  pressure  transducer.  The  output  of  this 
transducer  was  transmitted  through  a  Control  Engineering  strain 
gage  amplifier  to  a  DuMont  single-beam  oscilloscope  equipped  with 
a  Polaroid  Land  Camera.  The  pressure  transducer  was  calibrated, 
after  partially  assembling  the  test  bomb,  by  applying  nitrogen 
pressure  to  the  drop  weight  piston. 

The  most  rugged  pressure  transducer  that  we  had  on  hand  for  these 
tests  had  a  maximum  pressure  rating  of  10,000  psia.  Because  of  the 
uncertainty  of  the  pressure  to  be  recorded,  we  replaced  the  liquid 
monopropellant  with  an  equal  volume  of  water  and  started  the  drop 
tests  at  low  drop  heights.  In  Fig.  1  is  shown  a  recording  of  the 
output  voltage  of  the  strain  gage  pressure  transducer  as  a  function 
of  time.  This  particular  test  was  for  a  drop  height  of  3  inches. 

The  broad  line  at  the  top  of  the  grid  in  the  figure  is  the  repeated 
trace  of  the  sweep  beam  which  had  a  sweep  time  of  5*0  x  10"4  seconds 
per  inch.  Single  sweep  instrumentation  which  would  have  given  better 
records,  was  not  used  in  these  experiments.  In_Fig.  1  the  pressure 
reaches  a  peak  yalue  of  6, 2bO  psia.  in  7*5  x  10  4  seconds.  The 
oscillations  that  appear  on  the  initial  portion  of  the  pressure 
pulse  may  be  associated  with  the  sound  waves  that  reflect  through 
the  piston  because  of  the  elastic  impacts  of  the  several  components 
of  the  tester.  The  duration  of  the  small  pulses  appear  to  be 
compatible  with  the  time  required  for  a  sound  wave  to  pass  through 
the  piston  and  for  the  tension  wave  to  return.  A  slower  time  base 
recording  was  made  of  the  drop,  and  the  record  is  shown  in  Fig.  2. 

It  can  be  seen  that  a  second  pulse  appears  on  the  record  after  the 
initial  pulse.  The  second  pulse  is  attributed  to  a  bounce  of  the 
drop  weight  and  represents  a  pressure  of  about  l/8  of  the  original 
pressure. 

It  is  believed  that  the  frequency  response  of  the  instrumentation 
used  in  the  present  experiments  is  adequate  to  give  an  accurate 
representation  of  the  pressure  developed  in  the  air  cavity.  This 
opinion  is  based  on  the  steep  slopes  associated  with  some  of  the 
oscillations  superimposed  on  the  main  pressure  pulse  and  on  addi¬ 
tional  experiments  wherein  the  weight  was  dropped  directly  on  the 
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0.06  cc.  Water 
O.O89  cc.  Air 
Peak  Pressure  -  62kO  PSIA 
Time  to  Peak  Pressure  -  750  Micro-Seconds 

FIG.  1  Drop  Weight  Test  Pressure/Time  Record 
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pressure  transducer  without  the  presence  of  an  O-rlng. 

In  Fig.  5  is  ohotm  a  plob  of  the  peak  pressure  obtained  for  various 
drop  heights  without  correction  for  the  bounce  of  the  drop  weight. 
Over  the  range  of  heights  covered  the  peak  pressure  appears  to  be 
about  a  linear  function  of  drop  height.  If  the  pressure  were  a 
consequence  of  on  clastic  impact,  the  pressure  should  be  a  function 
of  the  square  root  of  the  drop  height.  Therefore,  the  pressure  does 
not  appear  to  be  a  consequence  of  a  conplctely  elastic  Inpact.  Also, 
the  fact  that  the  rebound  of  the  drop  weight  is  only  a  fraction  of 
the  drop  height  is  further  evidence  that  elastic  intact  is  not  the 
dominant  factor  in  thi3  test.  However,  it  must  be  admitted  that 
the  impact  is  partially  elastic. 

Before  the  measured  peak  pressures  con  be  used  to  calculate  the 
temperature  rise  in  the  air  bubble  it  is  necessary  to  know  the 
original  pressure  in  the  cavity.  As  the  drop  test  is  performed,  a 
pre-conpression  of  the  O-ring  is  effected  in  order  to  insure  that 
there  is  sealing  during  the  inpact  to  retain  the  pressure.  For  the 
particular  bomb  assembly  used  in  the  tests,  the  procompression  from 
a  0.012  inch  displacement  of  the  piston  was  employed.  This  displace¬ 
ment  of  the  piston  results  in  a  reduction  of  volume  such  that  the 
pressure  in  the  cavity  increases  from  1.0  atmosphere  to  1.29  atmos¬ 
pheres.  Because  of  the  slight  variation  in  volume  of  0-rings  used 
in  the  tests,  the  precompression  will  vary  slightly  from  test  to 
test,  but  it  will  be  considered  to  be  constant  in  subsequent  calcula¬ 
tions. 

In  order  to  calculate  the  temperature  associated  with  the  experimen¬ 
tally  measured  pressures,  equations  ^  and  12  can  be  combined  to 
yield  the  well-known  relationship 


-t- =  '  (16) 

In  the  case  of  a  6  inch  drop  that  produced  688  atmospheres  pressure 
starting  with  an  initial  pressure  of  1.29  atmospheres  at  293°K.,  a 
tenperature  of  17o2°K.  would  be  developed  during  the  compression. 

For  temperature  and  pressures  of  this  magnitude  it  is  desirable  to 
question  the  use  of  the  perfect  gas  law  throughout  the  calculations . 

A  better  approximation  to  reality  might  be  obtained  by  using  the 
Van  der  Waal  equation  of  state.  In  reviewing  equations  1-12  by 
which  the  temperature  -  volume  relationship  for  the  adiabatic  com¬ 
pression  was  derived,  it  becomes  apparent  that  a  rigorous  derivation 
for  a  real  gas  cannot  be  obtained.  The  reason  fox'  this  is  that  the 
expression  (<)u/ «Jv)<p  cannot  be  evaluated  analytically  for  the  real 
gas.  Another  difficulty  lies  in  the  torn  (/^v/<JT)p ,  which  can  be 
evaluated  for  the  real  gas,  but  which  does  not  give  a  simple  form 
for  the  difference  in  Cp  and  Cv  that  is  obtained  for  the  perfect  gas. 
Therefore,  the  exponents  for  equations  12  and  lo  are  no  longer  simple  . 
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Bowder.2  approximates  a  solution  to  this  problem  by  using  tho  . 
expressions 

ir- 1  . 

T(v-b)  -  K,  and  (IT) 


„  _  _ _ r  a 

p  T  "  bj2  (18) 

where  a  and  b  are  the  constants  from  the  Van  der  Waal  equation. 


In  the  case  being  considered,  after  precompression,  the  initial 
volume  of  gas  in  the  bubble  is  0.0645  cc.,  the  initial  temperature 
is  295°K.  and  b  for  the  air  in  the  ea-vity  is  1.32  x  10"*.  For  a 
6  inch  drop,  where  the  recorded  pressure  was  688  atmospheres  and 
the  calculated  temperature  was  1762°K.,  use  of  the  perfect  gas  law 
(equation  5)  yields  a  final  volume  of  7*4  x  10“*  cc.  For  a  3  inch 
drop,  with  associated  pressure  and  temperature  of  469  atmospheres 
and  1584°K.,  equation  5  yields  a  volume  10 "3  cc.  Therefore,  at 
these  conditions  the  volume  of  the  gas  molecules  represents  a 
significant  portion  of  the  total  volume,  and  correction  for  thi3 
fact  should  be  made.  Time  did  not  permit  making  the  calculation 
for  this  paper,  but  the  calculation  will  be  made  subsequently. 


For  the  time  being  let  us  assume  that  the  temperature  of  1762 °K. 
or  1489 °C.  is  a  valid  estimate  of  the  temperature  associated  with 
the  experimentally  determined  pressure  of  688  atmospheres  for  a  . 

6  inch  drop.  In  the  case  of  a  3  inch  drop  a  pressure  of  469 
atmospheres  was  measured.  This  pressure,  through  equation  l6, 
indicates  a  temperature  of  1584 °K.  or  1311 °C.  An  experiment  was 
also  made  with  a  water  solution  that  contained  10$  by  weight  of 
ethylene  oxide.  The  pressure  recorded  for  a  3  inch  drop  was  460 
atmospheres.  To  calculate  a  temperature  for  this  pressure  according 
to  equation  l6,  data  from  Ref.  3  was  used  for  the  vapor  pressure 
of  ethylene  oxide  over  water.  Because  of  the  ethylene  oxide  in  the 
vapor,  the  V  of  the  vapor  now  becomes  1.27  instead  of  1.40.  Substi¬ 
tution  of  these  values  into  equation  l6  gives  a  temperature  of 
1021  °K.  or  748°C.  Thus  the  addition  of  a  small  amount  of  ethylene 
oxide  to  the  vapor  in  the  bubble  lowers  the  temperature  that  is 
calculated  from  the  measured  pressures  in  a  very  striking  manner. 

This  phenomenon  is  not  new;  Bowden  discusses  it  extensively  in 
Ref.  2.  However,  the  calculation  does  shed  light  on  why  small 
additions  of  ethylene  oxide  to  n-propyl  nitrate  or  to  2-methoxyethyl 
nitrate  had  3uch  a  pronounced  effect  on  increasing  the  50$  point 
in  the  drop  wight  tester.  The  ethylene  oxide  reduced  the  X  of  the 
vapors  trapped  in  the  bubble  so  that  a  lower  temperature  was 
obtained  durins  the  adiabatic  compression  of  the  bubble. 

One  thing  that  is  still  peculiar  about  the  above  calculations, 
however,  is  the  fact  that  even  at  drop  heights  of  3  inches  the 
temperatures  calculated  were  far  in  excess  of  that  required  to 
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cause  ignition  of  the  monopropellant.-  If  tho  temperatures  calcula¬ 
ted  arc  valid,  it  would  appear  that  initiation  of  combustion  may  bo 
occurring  but  tfiat  propagation  throughout  the  liquid  does  not  occur. 
When  one  considers  tho  size  of  the  compressed  bubble,  1/*  thick 
for  a  preesuro  of  100  atmospheres  and  a  temperature  of  1C00°K.,  and 
the  fact  that  this  hot  bubble  is  probably' in  direct  contact  with  the 
relatively  massive  steel  piston,  it  is  not  unreasonable  to  expect 
that  heat  would  bo  conducted  out  of  the  bubble  into  the  piston  at 
a  high  rate.  The  film  coefficient  at #the  interface  is  an  obstacle 
to  the  calculation  of  tho  heat  transfer  into  tho  piston,  but  it  must 
be  granted  that  the  piston,  is  a  sin!:  for  draining  energy  out  of 
the  combustion  wave  that  would  have  to  propagate  through  the  liquid. 
The  quenching  of  flames  at  reduced  tube  diameters  is  a  well-known 
phenomenon  In  the  burning  of  both  gases  and  liquids.  In  an  attempt 
to  evaluate  the  significance  of  heat  losses  to  the  piston  on  the 
50^  point  in  the  drop  weight  tester,  tho  cavity  of  one  piston  was 
enlarged  and  a  Teflon  insert  with  0.015  inch  thick  walls  was 
inserted.  The  cavity  in  the  Teflon  insert  was  of  the  same  dimen¬ 
sions  as  the  cavity  of  a  normal  steel  piston.  When  tests  were  made 
with  n-propyl  nitrate  a  point  of  7*5  inches  was  obtained  in 
contrast  to  the  standard  value  for  n-propyl  nitrate  of  9.6  inches. 
Therefore,  the  Teflon  cup  had  a  significant  effect  on  the  measured 
sensitivity  of  n-propyl  nitrate.  The  reason  for  the  increased 
sensitivity  may  be  that  the  propagation  of  the  combustion  wave 
through  the  liquid  is  aided  by  a  reduced  loss  of  heat  to  the  walls 
of  the  cavity  in  the  piston. 

An  experiment  that  is  planned  is  to  obtain  a  photograph  of  the 
inside  of  the  cavity  during  the  impact  in  a  fashion  similar  to  that 
used  by  Bowden  with  explosives.  Such  photographs  should  shed  light 
on  the  concept  of  initiation  without  propagation. 

Another  factor  that  requires  additional  study  is  the  compressibili¬ 
ty  of  the  0-ring.  In  order  to  obtain  the  volume  reduction  of  the 
air  bubble  in  the  cavity  that  is  required  to  develop  the  high 
temperatures,  it  is  necessary  that  the  0-ring  be  squeezed  into 
the  bubble  cavity.  The  0 -rings  used  in  the  drop  weight  tests  are 
quite  hard.  Therefore,  it  is  conceivable  that  they  are  not 
deforming  adequately  at  low  drop  heights,  but  rather  are  causing 
a  partially  elastic  impact.  Since  the  0-ring  was  sitting  directly 
on  the  pressure  transducer  in  the  experiments  where  the  pressure 
was  recorded,  the  elastic  impact  would  also  be  recorded.  The 
bounce  pulse  shown  in  Fig.  2  is  indicative  of  this  effect.  Another 
way  of  testing  the  effect  of  the  rigidity  of  the  0-ring  would  be  to 
use  a  reduced  depth  of  the  air  cavity.  In  this  fashion,  the  0-ring 
would  not  have  to  deform  as  much  in  order  to  provide  compression  of 
the  air  bubble. 
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STORAGE  STABILITY  OF  MIXTURES  OF  LTUYLI-SIL’  OXIDE  AJ!D  n -PROPYL  NITRATE 


In  order  to  see  if  a  pructlcal,  desensitized  monopropcllant  could 
be  obtained  from  these  mixtures,  the  stability  of  mixtures  of  n- 
propyl  nitrate  and  ethylene  oxide  after  storage  in  scaled  gloss 
tubes  was  investigated.  The  ethylene  oxide  and  n-propyl  nitrate  in 
all  the  tests  reported  were  purified  by  distillation  prior  to 
testing.  It  was  originally  intended  to  work  up  the  storage  product 
by  removing  the  ethylene  oxide  by  distillation  at  20-JjO°C.  at 
atmospheric  pressure.  The  first  distillation,  performed  in  a 
y0-l|O°C.  bath  for  2  hours  at  atmospheric  pressure,  failed  to  remove 
the  ethylene  oxide  from  the  mixture.  No  weight  loss  was  obtained, 
and  there  was  no  variation  in  drop  weight  sensitivity. 

To  determine  the  possibility  of  interaction  between  the  two  com¬ 
pounds,  a  sample  of  the  mixture  was  submitted  for  infrared  analysis 
to  detect  hydroxyl  groups  which  would  be  present  in  any  reaction  of 
ethylene  oxide.  Infrared  proved  the  absence  of  hydroxyls. 

A  refractive  index  vs.  concentration  curve  was  constructed  for  the 
mixture.  It  was  found  that  a  straight  line  was  obtained,  indicating 
the  absence  of  any  compound  formation  between  the  ester  and  ethylene 
oxide.  The  index  of  refraction  was  plotted  as  a  function  of  the 
storage  time  in  a  30-^ °C.  bath,  and  it  was  found  that  the  index  was 
relatively  constant. 

The  preceding  tests  indicated  that  no  reaction  was  occurring  between 
ethylene  oxide  and  n-propyl  nitrate  and  that  the  evaporation 
difficulty  was  arising  from  the  non -volatility  of  the  mixture  under 
the  conditions  of  the  test.  This  was  verified  by  constructing  a 
vapor  pressure  curve  for  the  90/10  NPN/^O  mixture  at  40°C. 

At  l40°C.  the  sum  of  the  partial  pressures  of  the  components  was 
found  to  be  considerably  below  the  pressure  necessary  for  boiling 
to  occur. 

Subsequent  evaporations  were  performed  under  the  reduced  pressure 
of  a  water  aspirator  for  the  complete  removal  of  ethylene  oxide. 
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The  results  of  the  storage  tests  arc  summarized  below; 

Before  Evap.  After  Evap. 

Storage  Storage  4  Drop  V/t‘.  ^  Drop  Wt. 

Duration  Temp,  Up  Sen3.In.  Up  Sen3.In. 

90ji  ITPIl 
10^  E.O. 


1 

13  day3 

70  °C. 

mmmm 

50  in. 

1.3952 

10.0 

2 

24  days 

70  °C. 

mm  mm  mm 

50  in* 

1.3951 

9.7 

3 

.2  months 

70  °C. 

1.3994 

50  in. 

1.3965 

8.6 

5056  HPN 
5<#  E.O. 

4 

3  months 

70°C. 

1.3203 

Could  not 

1.3922 

5 

3  months 

70  °C. 

1.3764 

be  contained 
in  tester  1.3945 

10.1 

The  index  of  refraction  for: 

90-10  HPN  -  E.O.  at  4°C.  *  1.3990 
50-50  HPN  -E.O.  at  4°C.  =  I.3818 
Pure  HPN  at  25 °C.  =  1.3949 


Sample  Ho.  3  was  submitted  for  infrared  analysis  prior  to  evapora¬ 
tion,  and  no  OH  absorptions  were  observed.  This  specimen  contained 
10£  E.O.  which  presumably  was  lost  in  performing  the  IR  analysis. 

A  subsequent  sample  of  product  stripped  under  reduced  pressure  from 
sample  Ho.  3  was  analyzed  as  "infrared  pure"  for  n-propyl  nitrate. 


Hence,  it  appears  that  mixtures  of  ethylene  oxide  and  n-propyl 
nitrate  are  probably  storable  for  extended  periods  of  time  without 
polymerization  of  the  ethylene  oxide.  A  practical  disadvantage 
to  such  mixtures,  however,  is  the  high  vapor  pressure  of  the 
ethylene  oxide  over  the  mixture  at  elevated  temperatures.  To  be 
sure  it  is  the  vapor  pressure  of  the  ethylene  oxide  which  reduces 
the  sensitivity  of  the  mixture  to  adiabatic  compression.  But  any 
leak  in  the  system  would  result  in  the  progressive  loss  of  the 
desensitizing  component . 
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ABSTRACT 

The  significance  of  composition  and 
physical  properties  of  blended  hydrocarbon  fuels 
on  the  performance  of  large  rocket  engines  is 
discussed.  Results  of  a  research  program  con¬ 
ducted  at  Rocketdyne  to  study  the  effects  of  sys¬ 
tematic  variation  of  the  fuel  molecular  type  and 
molecular  weight  in  bipropellant  turbine  gas  gen¬ 
erators  and  model  rocket  thrust  chambers  are  pre¬ 
sented.  It  is  shown  that  a  high  aromatic  content 
is  deleterious  to  the  performance  of  these  combus¬ 
tion  devices.  A  highly  naphthenic  fuel  in  the 
kerosene  boiling  range  appears  to  represent  the 
best  compromise  among  satisfactory  thrust  chamber 
and  gas  generator  performance  and  good  physical 
properties.  Salient  features  of  the  new  RP-1 
rocket  fuel,  Specification  M2X-F-25576A*  are  dis¬ 
cussed  In  the  light  of  these  results. 
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INTRODUCTION 

The  effect  of  composition  end  physical  properties  of  blended 
hydrocarbon  fuels  on  the  performance  of  conventional  combustion  engines 
has  long  been  recognized.  An  enormous  amount  of  research  in  the 
petroleum,  automotive  and  aircraft  industries  over  a  period  of  many 
years  has  been  devoted  to  improving  hydrocarbon  fuels  in  order  to 
achieve  higher  power,  higher  efficiency,  greater  reliability  under  all 
operating  conditions,  reduced  maintenance  and  longer  life  of  internal 
combustion  engines  and,  more  recently,  turbojet  engines.  When  it  was 
found  that  the  optimum  engine  fuel  did  not  correspond  to  any  fraction 
which  could  be  produced  In  quantity  by  simple  distillation  or  extrac¬ 
tion  of  crude  petroleum,  a  huge  chemical  industry,  modern  petroleum 
refining,  was  established  to  reshape  the  natural  hydrocarbon  molecules 
systematically  into  optimum  fuels  for  each  of  several  designs  of 
engines.  More  than  one  fuel  had  to  be  produced,  for  it  had  been  found 
that  the  best  fuels  for  automobile  engines,  diesel  engines,  aircraft 
piston  engines  and  aircraft  jet  engines,  for  example,  were  by  no  means 
the  same.  The  effort  required  to  tailor  the  fuel  to  the  engine  in 
these  applications  is  now  accepted  as  quite  natural  and  inevitable. 

With  this  background,  it  is  perhaps  the  more  extraordinary 
that  the  possible  need  of  a  radically  new  type  of  engine,  the  rocket 
engine,  for  a  different  type  of  fuel  than  any  used  in  previous  engines 
was  not  recognized  earlier.  However,  it  is  not  too  difficult  to  see 
how  this  came  about.  First,  the  liquid  rocket  engine  introduced  a  new 
element  in  combustion  engineering:  the  liquid  oxidizer.  Hie  energetic 
liquid  oxidizers  are  either  liquified  gases  like  oxygen,  or  highly 
reactive  and  corrosive  liquids  like  hydrogen  peroxide  and  nitric  acid. 
Such  a  complex  of  new  problems  waa  introduced  by  the  oxidizer  that  the 
relatively  pacific  fuel  tended  to  be  neglected  by  comparison.  Second, 
much  of  the  earlier  rocket  development  was  carried  out  with  commercial 
grade  pure  chemicals  like  ethyl  alcohol  and  aniline,  which  were  select¬ 
ed  at  least  partly  because  of  favorable  chemical  and  physical  proper- 
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ties  for  rocket  engine  applications.  But  os  the  infant  rocket  indus¬ 
try  grcv  rapidly  both  in  size  of  engines  and  in  rate  of  testing,  the 
voracious  appetite  of  this  nev  engine  for  its  chemical  fuel  became 
alarmingly  evident.  For  logistic  and  economic  reasons,  it  appeared 
desirable  to  shift  large  rocket  engines  to  cheap,  available  hydrocar¬ 
bon  fuels. 

When  this  shift  in  fuel  vas  attempted,  serious  difficulties 
were  encountered  in  the  engines  employing  nitric  acid  as  the  oxidizer. 
This  has  led  to  a  considerable  effort  to  improve  the  propellant  per¬ 
formance  by  various  means,  including  additives  to  the  fuel.  Hbvever, 
the  shift  to  hydrocarbon  fuels  vas  accomplished  vith  relatively  little 
difficulty  in  engines  employing  liquid  oxygen  as  the  oxidizer.  The 
absence  of  major  difficulties  at  this  stage  probably  inspired  a  false 
feeling  of  confidence  that  large  rocket  engines  could  satisfactorily 
employ  any  current  specification  Jet  fuel.  The  reason  for  this  is  now 
evident.  At  the  time  this  shift  vas  accomplished,  the  rocket  engine 
vas  not  yet  sufficiently  developed  and  refined  to  discriminate  in  its 
performance  betveen  relatively  minor  fuel  differences.  lack  of  pre¬ 
cision  of  both  the  engine  Itself  and  the  test  Instrumentation  produced 
sufficient  scatter  to  mask  variations  due  to  fuel  composition.  As  the 
engine  and  its  instruments  have  become  more  precise,  the  effects  of 
variation  in  fuel  properties  are  nov  readily  apparent.  In  fact,  the 
variations  vhich  may  occur  within  the  specification  range  of  JP-4  and 
JF-5  fuels  can  already  produce  a  greater  variation  in  engine  perform¬ 
ance  than  *1,1.  other  engine  and  operating  variables  combined.  As  the 
drive  toward  lighter  engines  operating  at  higher  thrust,  higher  pres¬ 
sure,  higher  performance  and  higher  accuracy  continues,  the  require¬ 
ments  on  the  fuel  may  be  expected  to  become  Increasingly  stringent. 

The  rocket  designer  will  be  relieved  of  the  burden  of  accommodating 
his  engine  to  the  existing  fuel.  Rather,  the  fuel  will  be  tailored  to 
fit  the  needs  of  the  engine,  as  has  been  the  case  vith  other  combustion 
engines. 

The  Fuels  Evaluation  Program  nov  under  way  at  Rocketdyne  vas 
activated  by  the  Air  Research  and  Development  Command,  Western  Develop¬ 
ment  Division  in  1955  as  an  experimental  and  analytical  effort  in 
support  of  large  rocket  engine  development  programs,  in  order  to  estab¬ 
lish  the  influence  of  chemical  composition  of  mixed  hydrocarbon  fuels 
on  those  parameters  vhich  are  pertinent  to  the  combustion  of  the  liquid 
oxygen-mixed  hydrocarbon  propellant  system  in  high  thrust  rocket 
engines.  The  practical  need  for  such  a  full  scale  investigation  de¬ 
veloped  vith  the  realization  that  the  compositional  and  physical  vari¬ 
ability  permitted  under  the  existing  specification  for  JF-5,  the 
originally  designated  Atlas  fuel,  might  very  veil  he  inconsistent  with 
reliably  high  and  reproducible  engine  and  missile  performance.  Fur¬ 
thermore,  it  vaa  distressingly  evident  that  little  engine  and  labora¬ 
tory  data  existed  upon  which  to  base  a  knowledgeable  selection  of 
"optimum  composition  limits  for  a  mixed  hydrocarbon  fuel.  Hence,  it 
became  the  prime  objective  of  the  program  to  develop  systematically 
the  chemical  and  engineering  data  necessary  to  define  unambiguously  the 
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important  behavior  differences,  if  such  exist,  between  the  various 
chemical  species  which  normally  occur  in  petroleum  fuels. 

Briefly  summarized,  the  program  involves  research  tasks  asso¬ 
ciated  with  thrust  chamber  and  gas  generator  combustion  and  cooling. 

The  tasks  which  are  presently  active  embrace  studies  on  thrust  chamber 
performance  and  combustion  stability,  gas  generator  combustion  char¬ 
acteristics,  the  real  thermodynamic  properties  of  gas  generator  gases, 
chemical  kinetics  of  fuel- rich  (gas  generator  type)  flames,  and  the 
physical  and  thermodynamic  properties  and  heat  transfer  characteristics 
of  mixed  hydrocarbon  fuels. 

Parallel  with  these  studies  of  fuel  properties  and  perform¬ 
ance,  and  as  an  Integral  part  of  the  overall  program,  a  chemical  lab¬ 
oratory  support  task  of  major  proportions  was  initiated,  principally 
to  develop  highly  definitive  chemical  analytical  techniques  and  thence 
to  provide  complete  and  detailed  analytical  services  to  all  other 
phases  of  the  program.  Such  support  Involves  complete  analyses  of  each 
of  the  test  fuels  as  well  as  of  the  combustion  product  gas  samples 
collected  under  the  gas  generator  and  flame  study  phases.  Physical 
properties  and  thermal  stability  are  also  being  studied  in  the  labora¬ 
tory. 

Five  specific  chemical  species  are  involved  in  this  study: 

1.  Normal  Paraffins  (Straight  chain  saturates) 

2.  Branched  Chain  Paraffins 

3.  Naphtherd.cs  (Saturated  cyclics) 

4.  Aromatics  (A  special  class  of  unsaturated 
cyclics,  i.e.,  benzene) 

5.  Olefins  (Chain  or  cyclic  unsaturates) 

In  the  JP-5  boiling  range,  "pure”  samples  of  each  of  these  chemical 
types  are  either  unavailable  or  prohibitively  expensive;  hence,  natural 
or  synthetic  blends  thought  to  be  enriched  in  each  of  these  general 
types  were  procured.  However,  for  correlative  purposes,  "pure”  samples 
of  somewhat  higher  volatility  than  JP-5  were  obtained  and  tested.  In 
addition,  a  large  quantity  of  JF-5,  from  a  randomly  chosen  source,  was 
procured  as  a  reference  fuel;  the  latter  is  referred  to  in  the  ensuing 
text  as  JP-5R. 

Uhtil  very  recently,  no  specification  existed  for  a  hydro¬ 
carbon  fuel  for  rocket  engines.  Specification  MIL-F-25576A  for  BP-1 
fuel,  originally  issued  8  May  1956,  represents  the  first  concrete 
result  of  this  Joint  effort  by  the  Air  Research  and  Development  Command 
and  Rocketdyne  to  arrive  at  a  hydrocarbon  fuel  composition  which  will 
best  suit  the  needs  of  today's  and  tomorrow's  large  rocket  engine. 

Since  time  does  not  permit  a  full  discussion  of  all  aspects  of  the  fuels 
program,  the  balance  of  this  report  will  be  devoted  primarily  to  a  dis¬ 
cussion  of  the  results  of  the  thrust  chamber  and  gas  generator  studies 
vhich  influenced  the  selection  of  fuel  characteristics  set  forth  in 
this  specification. 
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CAS  GENERATOR  PERFORMANCE 

The  heart  of  the  large  liquid  rocket  engine  is  the  high 
speed  turbopump  assembly.  The  thrust  of  the  engine  is  directly  re¬ 
lated  to  the  rate  of  propellant  pumping  which  in  turn  depends  on  the 
power  delivered  by  the  gas  turbine.  The  turbine  power  is  itself  deter¬ 
mined  for  a  given  configuration  by  the  flow  rate  and  available  en¬ 
thalpy  of  the  driving  gas.  The  available  enthalpy  depends  essentially 
on  the  gas  temperature,  molecular  weight  and  adiabatic  expansion 
exponent,  $  ,  and  on  the  pressure  drop  through  the  turbine  nozzles. 

The  gas  temperature  mu3t  also  be  held  within  close  limits  to  avoid 
overheating  the  highly  stressed  turbine.  The  attainment  of  optimum 
turbine  design  and  performance  evidently  requires  a  quite  precise 
knowledge  and  control  of  the  combustion  process  and  the  properties  of 
the  combustion  products. 

In  an  air  breathing  engine,  such  as  the  aircraft  gas  turbine, 
the  bulk  of  the  hot  gas  is  nitrogen:  about  70S*  ht  stoichiometric 
ratio,  more  at  the  lean  mixture  ratios  characteristic  of  steady-state 
operation.  The  remainder  consists  of  relatively  simple  molecules  with 
quite  accurately  known  properties,  carbon  monoxide,  carbon  dioxide  and 
water.  Given  the  heating  value  of  the  fuel  and  the  combustion  effici¬ 
ency,  calculation  of  the  required  gas  properties  i3  straightforward. 

In  contrast,  the  rocket  bipropellant  gas  generator  employs  excess  fuel 
as  the  diluent  and  coolant  to  attain  the  required  turbine  operating 
temperature.  When  this  fuel  is  a  complex  hydrocarbon  mixture  of  high 
average  molecular  weight  which  is  also  thermally  unstable  and  can 
break  down  into  a  host  of  products,  the  resultant  gas  properties  can 
no  longer  be  directly  calculated.  A  detailed  knowledge  of  the  entire 
fuel-rich  combustion  process  becomes  essential  for  the  establishment 
of  optimum  design  and  operating  criteria. 

The  phenomena  which  occur  during  the  fuel-rich  combustion  of 
a  chemically  complex  hydrocarbon  mixture  such  as  jet  fuel,  under  tur¬ 
bulent,  non-equilibrium  conditions  with  heterogeneous  mixing  and  enor¬ 
mous  thermal  gradients,  may  be  conservatively  described  as  poorly 
understood.  The  approach  to  bipropellant  gas  generation  has  heretofore 
been  as  superficial  as  it  has  been  direct,  involving,  in  essence,  the 
creation  of  an  oxidizer- fuel  adiabatic  "oven”  which  in  turn  dissipated 
its  sensible  enthalpy  to  pyrolyze  large  molecules  into  a  moderately 
low  molecular  weight,  low- temperature  turbine  drive  working  fluid.  In 
retrospect,  hardly  any  other  approach  was  feasible  during  early  gas 
generator  development.  Since  chemical  equilibrium  is  not  attained  and 
the  nature  and  extent  of  the  chemical  reactions  involved  are  largely 
unknown,  classical  thermochemical  calculation  techniques  could  not  be 
applied  to  predict  the  gas  temperature,  composition,  and  other  proper¬ 
ties. 

•  mci  ns*  . . 

While  the  empirical  approach  to  gas  generation  allowed  a 
rapid  initial  development,  certain  inevitable  penalties  soom  became 
evident.  Every  change  in  generator  or  turbine  configuration 
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necessitated  a  depurate  development  program  to  attain  the  dcalrod  tur¬ 
bine  povef.  output.  Experimental  mixture  ratio- temperature  data  also 
hod  to  be  obtained  for  each  gas  generator  and  turbine  assembly.  The 
performance  characteristics  of  the  final  assembly  are  still  distinctly 
sensitive  to  compositional  variations  in  the  fuel.  These  shortcomings 
have  been  further  aggravated  by  the  continual  demand  to  upgrade  the 
rocket  system  and  components  for  smaller  volume,  lower  weight,  higher 
power,  and  greater  reliability. 

Today  it  is  generally  agreed  that  systematic  engineering 
research  into  fuel-rich  combustion  is  virtually  mandatory.  Such  a 
program  is  presently  under  way  at  Rocketdyne.  This  program  is  de¬ 
signed  to  examine  and  establish  the  interdependence  between  the  vari¬ 
ous  fundamental  engineering  parameters  in  the  fuel-rich  combustion  of 
mixed  hydrocarbons  and  oxygen  in  large  rocket  engine  gas  generators . 

It  includes  a  basic  laboratory  investigation  of  the  chemical  kinetic 
nature  of  the  combustion  processes,  and  the  direct  determination  in 
model  generators  of  gas  properties  of  interest  and  their  dependence  on 
pressure,  temperature,  mixture  ratio,  flow  rate,  injector  and  combus¬ 
tor  design,  and  fuel  composition.  This  comprehensive  program  is  still 
in  its  early  stages.  However,  the  results  of  a  shorter  experimental 
program,  carried  out  on  both  model  and  full  scale  operational  hard¬ 
ware,  have  clearly  delineated  the  effect  on  gas  generator  performance 
of  at  least  one  species  of  hydrocarbon,  the  aromatics,  which  may  occur 
in  substantial  amounts  in  Jet  fuel.  Rather  less  conclusively,  perform¬ 
ance  differences  were  found  which  appear  to  correlate  with  the  average 
molecular  weight  and  naphthenic  ring  content  of  the  low  aromatic  fuels 
tested. 

Experimental  Operations  and  Analysis 


The  series  of  experiments  herein  described  were  undertaken  in 
order  to  determine,  at  least  semi- quantitatively,  the  extent  of  the 
differences  in  the  available  adiabatic  work  output  among  the  product 
gases  generated  by  combustion  of  liquid  oxygen  with  an  excess  of  each 
of  several  hydrocarbon  fuels  of  widely  varying  composition  and  vola¬ 
tility.  Ideally  such  a  study  should  reveal  the  relative  influences, 
if  such  exist,  of  fuel  volatility,  average  molecular  weight,  and  of 
each  of  the  chemical  types  normally  found  in  the  family  of  Jet  fuels, 
i.e.,  aromatics,  olefinics,  naphthenic s,  straight  and  branched  chain 
paraffinics.  Exploratory  tests  were  carried  out  first  on  a  model 
scale  using  an  engine  system  normally  employed  for  engine  controls 
research.  The  qualitative  trends  which  were  uncovered  were  then  con¬ 
firmed  on  full  scale  operational  hardware. 

The  model  scale  tests  were  performed  on  a  calibrated  engine 
system  operating  at  the  5,000  lb  thrust  level.  Although  the  fuels 
burned  in  the  gas  generator  were  systematically  varied,  the  propellants 
pumped  to  the  main  chamber  were  always  liquid  oxygen  and  JP-5»  The 
gas  generator  system  consisted  of  a  ten  pair  doublet  injector,  a 
splash  plate  and  a  combustion  chamber  lo  in.  long  by  1.25  in.  inside 
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diameter,  terminated  by  a  butterfly  valve  beyond  which  was  a  fixed 
pressure  reducing  orifice.  The  engine  employed  a  single  stage,  partial 
admission  impulse  type  turbine  with  direct  drive  to  the  propellant 
pumps.  The  turbine  shaft  horsepower  per  pound  of  propellant  flow  per 
second  at  any  chosen  reference  value  of  the  measured  turbine  inlet 
temperature  was  taken  as  the  measure  of  performance.  At  a  fixed  oper¬ 
ating  pressure  ratio  and  turbine  efficiency,  the  specific  horsepower 
depends  primarily  on  the  ratio  of  gas  temperature  to  average  molecular 
weight,  Tc/Mc. 

The  fuels  which  were  selected  for  this  preliminary  examina¬ 
tion  were: 

JP-4  (MIL-F-5624C) 

JP-5  (MH-F-5624C) 

Kerosene  (Standard  Oil  Co.  "Pearl  Oil";  MH-F-25576A) 

Amsco  Solvent  (American  Mineral  Spirits  Co.) 

Heptane  (Phillips  Commercial  Grade) 

Iso-Octane 

Isopentane 

Toluene 

Methylcyclohexane 

Standard  ASTM  analyses  for  these  hydrocarbon  fuels  are  given  in  Table 
I.  Complete  and  detailed  chemical  analyses  for  kerosene,  heptane, 
iso-octane,  toluene,  and  methylcyclohexane  can  be  found  in  the  body  of 
Tables  II  and  III. 

The  fuels  were  selected  to  provide  a  reasonably  wide  range 
of  gas  generator  performance .  JP-4  and  JP-5  are,  of  course,  typical 
of  the  jet  fuel  family.  Kerosene  meet3  the  specification  for  a  wide 
range  JP-5.  The  analytical  data  of  Table  III  Indicates  about  40$ 
naphthenic  character;  however,  this  kerosene  differs  principally  from 
the  chosen  JP-5  in  that  its  aromatic  content  Is  substantially  lower 
(4.8$  compared  to  22.4$).  Amsco  solvent  is  probably  similar  in  gener¬ 
al  chemical  constitution  to  kerosene  but  of  higher  volatility.  Of  the 
low  boiling  fuels,  iso-octane  and  isopentane,  toluene,  and  methylcyclo¬ 
hexane  are  fairly  pure  representatives  of  the  paraffins,  aromatics,  and 
naphthenics  respectively.  Commerical  heptane  is  approximately  a 
40:30:30  mixture  by  volume  of  n-heptane,  methylcyclohexane,  and  mixed 
iso-octanes . 

The  model  scale  results  did  not  lend  themselves  readily  to 
graphical  representation  and  hence  are  not  presented  here  as  such. 
However,  when  viewed  as  a  whole,  the  data  fell  neatly  into  three  broad 
but  distinctly  distinguishable  regions  which  are  conveniently  desig¬ 
nated  as  1,  2,  and  3* 

1.  High  Performance 

a,  light  paraffins  (iso- pentane,  iso-octane,  heptane) 

2.  Intermediate  Performance 

a.  naphthenes  (methylcyclohexane) 
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b.  naphthene-paraffin  blenda  (Amsco  solvent,  JP- 4, 
kerosene) 

c.  light  aromatics  (toluene) 

3*  Low  Performance 

a.  heavy,  aromatic  rich  fuels  (JP-5) 

This  performance  pattern  was  as  interesting  as  it  was  sur¬ 
prising.  For  example,  within  region  2,  despite  substantial  differ¬ 
ences  in  their  physical  properties,  JP-4,  kerosene,  aethylcyclohexane, 
Amaco  solvent,  and  toluene  were  all  reasonably  similar  in  performance. 
From  a  practical  standpoint,  these  data  emphasize  that  the  volatility 
of  a  fuel  is  not  a  satisfactory  criterion  of  its  performance  potential 
in  a  gas  generator.  Alternately,  it  may  be  concluded  that  altering 
the  molecular  weight  of  the  liquid  fuel  may  not  produce  a  correspond¬ 
ing  effect  on  the  molecular  weight  of  the  product  gas.  The  average 
molecular  weights  of  these  gases  at  the  same  temperature  and,  hence, 
their  Tc/Mc  value,  are  dependent  primarily  on  the  chemistry  of  the 
combustion  chamber  processes  which,  in  turn,  depend  primarily  upon  the 
chemical  species  present  (composition)  rather  than  the  physical  pro¬ 
perties  of  the  fuel. 

The  paraffins,  represented  by  iso-octane  and  iso-pentane, 
certainly  appear  to  be  best  adapted  to  gas  generator  application  from 
an  energy  standpoint.  The  markedly  higher  values  for  iso-pentane 
unquestionably  are  due  to  the  nearly  40$  lower  molecular  weight,  re¬ 
flecting  the  importance  of  this  property  in  the  case  of  the  very  light 
paraffins  although  it  is  quite  probable  that  the  behavior  differences 
between  homologous  paraffins  decrease  rapidly  beyond  C8-  It  is 
equally  interesting,  however,  to  note  that  the  data  for  commercial 
heptane,  with  a  molecular  weight  intermediate  between  iso-octane  and 
iso-pentane,  fall  slightly  below  those  for  iso-octane.  The  reason  for 
thi3  behavior  is  quite  straightforward,  i.e.,  the  commercial  heptane 
contains  about  30$  methylcyclohexane,  a  gas  generant  of  demonstrated 
poorer  performance. 

The  behavior  of  saturated  ring  systems  or  naphthenics  seems 
to  be  uniformly  moderate.  Naphthene  rich  fuels  of  widely  varying 
physical  properties,  such  as  JP-4,  kerosene,  and  Amsco  solvent  are 
indistinguishable  from  methylcyclohexane.  One  might  speculate  that 
the  performance  of  the  higher  boiling  JP-4  and  kerosene  would  have  been 
lower  than  methylcyclohexane  were  if  not  for  the  presence  of  substan¬ 
tial  quantities  of  paraff inic3  in  the  former  fuels .  However,  it  must 
be  noted  that  the  performances  of  Amsco  solvent  and  methylcyclohexane, 
two  fuels  of  similar  volatility,  are  substantially  the  same  in  spite 
of  the  presence  of  paraffinic  stock  in  the  former.  The  conclusion  to 
be  drawn  is  that  moderate  amounts  of  naphthenics,  at  least  in  the  200- 
500  F  boiling  range,  are  excellent  performance  levelers  in  hydrocarbon 
‘  blends. 

Although  toluene  has  been  grouped  in  the  central  region,  its 
performance  was  sufficiently  low  to  be  considered  almost  borderline 
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bctvcen  regions  2  and  3*  The  great  advantage  in  volatility  and  molec¬ 
ular  weight  which  thia  fuel  enjoys  over  ouch  heavy  fuels  ao  JP-4  and 
especially  kcrooene  was  apparently  of  little  consequence.  On  the 
basis  of  the  toluene  data  alone,  it  could  have  been  predicted  that 
fuels  containing  substantial  quantities  of  heavy,  polynuclear  aroma¬ 
tics  would  exhibit  exceedingly  poor  performance. 

Finally,  and  most  important,  there  exists  the  marked  differ¬ 
ence  in  performance  between  kerosene  and  JP-5,  two  fuels  which,  super¬ 
ficially  at  least,  appear  to  be  almost  identical  in  all  respects  save 
one  -  aromatic  content.  The  very  poor  performance  of  this  particular 
JP-5  is  unquestionably  due  to  its  high  aromatic  content  which,  inci¬ 
dentally,  still  falls  within  the  specification  requirements  for  the 
fuel. 

Thus,  these  exploratory  experiments  indicated  that  the 
energy  availability  from  liquid  oxygen  -  hydrocarbon  gas  generators 
is  largely,  if  not  primarily  dependent  upon  the  molecular  type,  i.e., 
the  relative  amounts  of  paraffins,  naphthenes,  and  aromatics  in  the 
fuel.  Highly  paraffinic  fuels  are  be3t  performing;  naphthenes  and 
especially  aromatics  are  detrimental,  to  a  degree  dependent  upon  their 
molecular  complexity.  The  lover  naphthenes  and  aromatics  (e.g., 
methylcyclohexane  and  toluene)  do  not  differe  markedly  in  performance 
but  the  higher  molecular  weight  aromatics  appear  to  be  distinctly 
inferior  to  their  naphthenic  analogs.  Volatility  (AS1M  distillation) 
and  average  molecular  weight  by  themselves  are  not  reliable  parameters 
for  predicting  or  explaining  fuel  performance.  The  more  volatile 
naphthenes  and  aromatics  are  no  better  than  the  high  boiling,  low 
aromatic  jet  fuels  under  gas  generator  combustion  conditions.  How¬ 
ever,  within  a  single  molecular  type  the  order  of  performance  is  gen¬ 
erally  inverse  to  the  order  of  molecular  weight. 

Two  series  of  corroborating  experiments  were  carried  out  on 
large  engine  operational  hardware.  The  test  systems,  consisting  of  a 
gas  generator  assembly  and  turbopump  in  each  series,  were  of  two 
different  types;  hence,  the  absolute  performance  levels  are  different. 
However,  it  is  the  relative  performance  levels  between  fuels  which 
are  the  important  factors.  In  each  series,  the  propellant  flow  rates 
were  similar,  i.e.,  9  ~  12  lb/sec.  In  series  I,  all  the  model  engine 
test  fuels  were  examined  except  for  toluene  and  iso-pentane.  The 
series  II  test  fuels  included  iso-octane,  heptane,  kerosene  and  three 
additional  high  molecular  weight  fuels  whose  detailed  chemical  analyses 
are  contained  in  Tables  II  and  III.  These  additional  fuels  are: 

1.  Heavy  Alkylate  Bottoms  -  an  iso-paraffin  in  the 
C12  -  Ci6  molecular  weight  range. 

2.  Shell  UMF  Grade  C  (RTF;  MEL-F-25558)  -  a  low 
aromatic  fuel  containing  half  again  as  much 
naphthenic  structure  as  kerosene  and  having  a  50 
F  higher  distillation  range. 

3*  Hi-Cetane  Diesel  Reference  Fuel  -  a  fuel  in  the 
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RJF  distillation  range,  highly  enriched  in 
paraffins  but  aloo  containing  about  1 2$  aromatic 
otructure. 

The  graphical  data  of  Figure  1  fully  confirm  the  qualitative 
conclusions  reached  previously.  The  high,  intermediate,  and  low  per¬ 
formance  levels  of  heptane,  kerosene,  and  22.4$  aromatic  JP-5  re¬ 
spectively  are  unmistakable.  At  a  reference  temperature  of  1300  F, 
the  power  factor  for  JP-5  is  5  -  6$  less  than  that  of  the  low  aromatic 
kerosene.  On  the  other  hand,  the  power  factor  for  heptane  is  7  -  8$ 
higher  than  that  of  kerosene.  The  latter  difference  may  be  attributed 
both  to  the  75$  greater  molecular  weight  and  the  approximately  40$ 
higher  naphthenic  content  of  kerosene  relative  to  heptane.  The  curves 
for  Amsco  solvent  and  JP-4  -(the  latter  has  been  omitted  for  the  sake 
of  graphical  clarity)  lie  very  close  to  that  of  kerosene,  a  behavior 
consistent  with  their  low  aromatic  content  and  general  compositional 
similarity.  Methylcyclohexane,  the  only  purely  naphthenic  fuel,  shows 
behavior  intermediate  between  that  of  JP-5  and  kerosene,  suggesting 
strongly  that  the  higher  performance  of  kerosene  and  other  mixed 
hydrocarbon  fuels  is  due  principally  to  the  elevating  influence  of 
the  paraffinic  components.  Toluene  and  iso-pentane  were  not  ram  in 
the  series  of  Figure  1.  The  results  with  iso-octane  in  this  series 
were  spurious  for  reasons  which  are  not  known,'  but  most  probably  re¬ 
late  to  measurement  errors. 

The  data  of  Figure  2  are  equally  consistent  with  the  fore¬ 
going  postulates.  The  performances  of  the  paraffin- rich  heptane  and 
iso-octane  are  substantially  identical.  Note  also  that  in  spite  of  a 
molecular  weight  1.5-2  tines  that  of  iso-octane,  the  chemically 
similar  heavy  alkylate  closely  approaches  the  high  performance  of  iso¬ 
octane.  Equally  significant  is  the  effect  of  12$  aromatics  on  the  per¬ 
formance  levels  of  the  paraffin-rich  diesel  fuel.  The  drop  in  power 
factor  is  5  -  6$  below  that  of  heavy  alkylate  and  3-4$  below  that  of 
the  low  aromatic  kerosene.  As  in  previous  tests,  the  low  aromatic 
( *<5$)  kerosene  containing  approximately  a  3:2  paraffin:  naphthene 
compositional  ratio,  takes  an  intermediate  performance  position.  It 
is  of  interest,  finally,  to  note  the  moderately  low  performance  level 
of  UMF  Grade  C  fuel,  probably  attributable  to  both  its  higher  (3:2) 
naphthene:  paraffin  ratio  and  to  the  high  average  molecular  weight. 

The  relation  of  UMF  Grade  C  to  kerosene  is  thus  similar  to  that  pre¬ 
viously  noted  between  kerosene  and  commercial  heptane.  One  final  set 
of  experiments  is  under  way  in  order  to  establish  unambiguously  the 
quantitative  effect  on  gas  generator  performance  of  aromatic  content. 
These  tests  are  being  performed  under  strictly  controlled  experimental 
conditions  using  a  specially  designed,  highly  instrumented  research 
gas  generator  of  1  -  3  lb/sec.  propellant  flow  rate.  The  aromatic 
content  of  the  naphthenic-rich  RP-1  (corresponding  to  the  low  aromatic 
kerosene  of  the  preceding  discussion)  and  of  the  entirely  paraffinic 
heavy  alkylate  are  being  systematically  varied  from  1  -  25$  (the  pres¬ 
ent  MIL-F  specification  limit  for  JP-5)  using  Esso  Heavy  Aromatic 
Naphtha  (JP-5  boiling  range  stock  with  about  85$  aromatic  content)  as 
the  aromatic  additive.  No  reduced  data  are  yet  available  from  these 
tests. 
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HE3EABCU  THRUST  CHAMBER  PERFORMANCE 

The  theoretically  computed  specific  impulses  with  oxygen  of 
the  various  hydrocarbons  in  the  JP-5  distillation  range  can  differ 
significantly.  Generally,  it  is  advantageous  to  choose  a  fuel  vhich 
has  the  highest  possible  heat  of  combustion  or,  stated  differently, 
the  lovest  possible  carbon- hydrogen  ratio.  Thus,  a  highly  paraffinic 
fuel  should  he  preferable  to  a  more  naphthenic  or  aromatic  type.  The 
maximum  variation  in  the  theoretically  calculated  performance  of  JP-5, 
based  on  the  variation  in  aromatic  content  permitted  by  the  specifica¬ 
tion  (0  -  25$)  is  actually  on  the  order  of  1.5$,  a  rather  significant 
figure  for  a  long  range  ballistic  missile.  In  addition,  some  fuel 
components  may  burn  more  efficiently  in  a  rocket  motor  than  others, 
producing  differences  in  performance  that  cannot  be  computed  in  ad¬ 
vance.  The  objective,  therefore,  of  the  thrust  chamber  phase  of  the 
fuels  program  was  to  establish  the  influence  of  variations  in  chemical 
composition  of  mixed  hydrocarbon  fuels  on  the  operational  thrust 
chamber  characteristics  of  the  liquid  oxygen-hydrocarbon  propellant 
system. 

The  model  thrust  chambers  were  intended  deliberately  to  en¬ 
hance  differences  in  performance  between  the  various  chemical  types 
which  normally  occur  in  JP  type  fuels.  In  addition,  for  an  intensive 
program  involving  a  very  large  number  of  firings,  simplicity  and  flex¬ 
ibility,  as  well  as  high  performance,  are  highly  desirable  motor 
characteristics.  These  features  were  successfully  Incorporated  in 
the  two  operational  thrust  chambers  used  during  the  course  of  the  pro¬ 
gram,  which  were  water  cooled  and  throatless,  i.e.,  unity  contraction 
ratio.  They  incorporated  removable  inner  copper  liner3  and  differed 
only  in  the  characteristic  length,  L*,  of  5  in.  and  20  in.  respective¬ 
ly.  Operating  conditions  were  maintained  at  about  2800  lb.  thrust  at 
an  Injector  end  chamber  pressure  of  500  psia. 

Nine  hydrocarbon  fuels,  in  addition  to  the  reference  JP-5, 
were  test-fired  in  each  chamber.  Low  and  high  boiling  representatives 
respectively  (with  one  exception),  of  each  of  the  major  chemical 
species  of  Interest  were  procured: 

1.  n-paraffin:  n-heptane  and  Shell  High  Cetane 
Reference  Diesel  Fuel. 

2.  iso-paraffin:  iso-octane  and  Heavy  Alkylate 
Bottoms  (Standard  Petroleum  Refined  Oil). 

3.  naphthenic:  methylcyclohexane  and  Standard 
Thinner  425. 

4.  aromatic:  toluene  and  Esso  Heavy  Aromatic  Naphtha. 

5.  unsaturate:  iso-octene  (no  high  boiling  analog  was 
obtained). 

y  . . 

In  addition,  Ram  Jet  Fuel,  specification  HIL-F-25558  (Shell  CNF  Grade 
C)  was  run  at  the  5  in*  L*  only.  The  JP-5R  comforms  to  the  RP-1 
specification  MIL-F-25576.  Enough  of  the  JP-5R  was  purchased  in  a 
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single  lot  to  loot  through  the  entire  program.  Any  changeo  in  per¬ 
formance  of  this  reference  fuel  were  attributed  to  changeo  in  teat 
hardware  or  variations  in  instrumentation.  The  complete  analyses  of 
these  test  fuels  arc  given  in  Tables  II  and  III. 

The  experimental  portion  of  this  program,  comprising  777 
thrust  chamber  firings,  has  only  recently  been  completed.  The  de¬ 
tailed  analytical  treatment  of  the  directly  measured  data,  described 
in  a  subsequent  section,  is  designed  to  evaluate  the  effect  of  una¬ 
voidable  changes  of  some  operating  parameters  such  as  injector  modi¬ 
fications,  thrust  chamber  variations,  calibration  variances,  etc., 
as  well  as  the  systematic  planned  changes  of  mixture  ratio,  fuel  type, 
and  L*. 


The  selection  of  the  thrust  chamber  hardware  was  governed  by 
the  following  considerations: 

1.  The  necessity  for  enhancing  the  small  differences 
in  performance  obtained  from  the  various  chemical 
types  which  normally  occur  in  JP  type  fuel. 

2.  The  need  for  carrying  out  a  very  large  number 

of  runs,  thus  malting  simplicity,  reproductibility, 
and  low  cost  of  hardware  very  important. 

3-  The  need  for  the  hardware  to  withstand  severe 
operating  conditions . 

4.  The  desirability  of  systematic  variation  in 
combustion  volume. 

The  best  means  for  observing  differences  in  performance 
among  the  fuels  appe sired  to  be  the  reduction  of  the  time  available 
for  combustion  to  a  very  small  value  and  the  use  of  a  high  performing 
injection  pattern  in  order  to  obtain  maximum  performance  in  this 
limited  burning  time.  Limitation  of  the  combustion  period  is  accom¬ 
plished  by  the  reduction  of  the  characteristic  length  (i.e.,  the  com¬ 
bustion  volume)  to  a  minimum  value.  However,  very  small  combustion 
volumes  are  physically  feasible  only  in  low  contraction  ratio  motors. 
Previous  vise  of  1:1  (throatless)  contraction  ratio  motors  has  indi¬ 
cated  that  high  performance  values  are  obtainable  at  low  characteris¬ 
tic  lengths.  Consequently,  a  throatless  motor  of  5  in.  I»*  vas  chosen 
for  the  thrust  cylinder.  The  fuel  comparison  was  then  repeated  in  a 
20  in.  L*  chamber  where  the  increased  reaction  time  would  presumably 
allow  a  closer  approach  to  combustion  equilibrium.  Thus,  a  direct 
comparison  is  available  between  the  performance  in  the  two  chambers 
which  should  help  to  elucidate  the  effect  of  combustion  rate  on  per¬ 
formance. 

The  injector  was  not  only  required  to  produce  high  perform¬ 
ance  in  a  very  small  combustion  volume,  but  also  had  to  be  easily 
fabricated,  readily  reproducible,  and  comparatively  long-lived.  In 
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order  to  meet  these  requirement a,  the  injector  face  wa3  fabricated 
from  a  single  piece  of  material,  with  the  oxidizer  and  fuel  manifolds 
assembled  to  the  face  auction.  Thus,  the  hole  pattern  could  be  changed 
by  making  only  one  new  part. 

The  injection  pattern  was  designed  both  for  ease  of  drilling 
(in  the  interests  of  reproducibility  of  injector  performance)  and  for 
high  performance.  A  ring  of  triplet  holes  (two  oxidizer  streams 
impinging  on  one  fuel  stream)  with  nearly  zero  stream  length  was 
positioned  around  the  periphery  of  the  injector.  A  ring  of  short 
stream  length  doublets  was  placed  about  half  way  between  the  periphery 
and  the  injector  center.  Previous  experience  had  shown  this  pattern 
to  be  high-performing,  but  to  yield  very  high  thrust  chamber  heat 
transfer  rates.  Figure  3  depicts  details  of  the  injector. 

In  order  to  carry  out  a  large  number  of  runs  and  still  keep 
the  hardware  cost  to  a  minimum,  a  removable  liner  was  incorporated 
Into  the  thrust  cylinder  design.  In  this  way  the  inexpensive  liners 
(average  cost  about  $100.00  each)  could  be  replaced  while  retaining 
the  more  expensive  outer  shell  assembly.  The  motor  hardware  cost  for 
the  777  valid  data-producing  runs  made  under  this  program  was  less 
than  $10.00  per  useful  run.  Copper  was  specified  for  the  liner  ma¬ 
terial  and  injector  in  order  to  withstand  the  severe  heat  transfer 
conditions.  Figure  4  illustrates  the  complete  thrust  chamber  assembly. 

A  chamber  pressure  of  500  psia  was  chosen  to  correspond  to 
present  practice  in  large  engines.  The  expansion  ratio  and  thrust 
level  (selected  as  2800  lb.)  were  determined  by  the  availability  of  the 
copper  bar  stock  used  for  the  motor  liners  and  also  by  the  test  stand 
capability.  An  expansion  ratio  of  2.85:1  was  chosen  whereas  4.5:1 
is  the  optimum  expansion  ratio  for  local  ambient  pressure;  hence  there 
was  a  1.7fj  correction  factor  to  be  applied  to  obtain  the  thrust  cor¬ 
responding  to  optimum  expansion.  The  nozzle  expansion  half  angle  was 
set  at  15°.  Water  cooling  was  employed,  since  the  heat  transfer  rates 
and  total  heat  rejection  were  too  great  to  allow  regenerative  cooling 
with  the  fuel,  and  the  heat  transfer  characteristics  of  the  fuel  are 
the  subject  of  a  separate  study. 

Standard  instrumentation  was  used  throughout  the  program. 
Steady  state  measurements  were  recorded  on  Foxboro  rotating  charts, 
and  transient  measurements  on  oscillographs.  The  one  exception  to 
this  practice  was  the  steady  state  measurement  of  flows,  the  cyclic 
record  of  the  turbine  type  flow  meters  being  directly  reproduced  on 
the  oscillograph.  Pressures  (tank,  injector,  chamber  and  coolant) 
were  measured  by  means  of  a  strain  gauge  on  a  Bourdon  tube,  such  as  a 
Statham  gauge;  temperatures  (oxidizer,  fuel,  and  coolant)  were  meas¬ 
ured  by  means  of  thermocouples  and  thermistors.  Thrust  was  measured 
by  means  of  a  Baldwin  load  cell.  Ignition  was  achieved  by  means  of 
two  pyrotechnic  igniters  inserted  through  the  throat  of  the  motor. 
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The  general  teat  procedure  involved  the  periodic  re-estab¬ 
lishment  of  the  performance  datum  line  by  teat  firing  JP-5R  after  each 
two  mixture-ratio  veraua  perfonnanee  oerieo  of  test  firings  of  each 
fuel  under  study.  During  the  major  portion  of  the  5  in.  L*  program, 
nightly  calibrations  wore  made  of  all  critical  measurements  except 
flow  meter3.  During  the  20  in.  L*  program,  calibrations  of  all  criti¬ 
cal  measurements  except  flow  meters  were  made  on  every  day  that  test 
firings  occurred.  The  flow  meters  were  calibrated  twice  during  the 
program;  no  significant  change  wa3  noted. 

The  two  major  changes  in  hardware  which  occurred  during  the 
firing  program  were  the  gradual  injector  erosion,  both  on  the  injector 
face  and  at  the  intersection  of  impinging  injection  holes,  and  the 
gradual  shrinking  of  the  nozzle  throat  diameter.  The  injector  faces 
were  machined  back  whenever  the  hole  patterns  had  changed  visibly  or 
whenever  combustion  vibration  became  excessive.  (This  vibration 
appeared  to  be  sensitive  to  the  subsurface  impingement  which  resulted 
from  erosion  between  holes . )  Motor  liners  were  changed  for  each  new 
fuel  tested.  The  throat  diameter  of  the  used  liner  was  then  machined 
back  to  its  original  diameter  and  the  liner  reused.  Careful  measure¬ 
ment  of  critical  thrust  cylinder  dimensions  were  made  during  each 
series  of  tests. 

Under  normal  mixture  ratio  operation,  the  exhaust  flame 
exhibited  the  red- yellow  color  characteristic  of  LCK-JP  for  all  fuels 
tested,  and  required  use  of  dark  glasses  for  visual  observation.  How¬ 
ever,  during  the  very  high  mixture  ratio  (3.5-4.0)  runs  made  with  the 
20  in.  L*  motor,  the  flame  became  almost  transparent  and  could  easily 
be  observed  directly.  Moreover,  the  carbon  deposition  on  the  inside 
of  the  chamber  was  almost  completely  eliminated  under  these  conditions, 
with  an  accompanying  increase  in  heat  transfer  rate. 

For  each  thrust  chamber  and  for  each  fuel,  the  average 
overall  heat  transfer  rate  was  about  4-5  Btu/sq  in. /sec  at  a  mixture 
ratio  of  2.0.  Such  a  high  value  for  heat  transfer  rate  is  to  be 
expected  from  the  combination  of  throatless  motor  (with  attendant  high 
gas  velocities  in  the  chamber  section),  high  performance  injector,  and 
copper  liner  walls.  At  high  (4.0  to  4.5)  mixture  ratios,  with  conse¬ 
quent  reduction  of  coking  on  the  chamber  walls,  the  heat  transfer  rate 
went  as  high  a3  8-9  Btu/sq  in. /sec  in  the  20  in.  L*  motor  for  the 
majority  of  the  fuels.  At  these  high  mixture  ratios,  conditions  giving 
rise  to  combustion  vibration  resulted  in  heat  transfer  rates  as  high 
as  10-12  Btu/sq  in. /sec  during  vibratory  combustion  in  the  case  of  the 
few  tests  made. 

Mathematical  Treatment  of  Performance  Data 

The  sets  of  thrust  chamber  performance  data  from  the  Fuels 
Evaluation  Program  were  curve-fit  by  means  of  the  "least- squares'* 
technique  to  the  general  form  y  =  «.-<  +  (/ 3  x  +  «K)e“X*  ,  where  the 
four  parameters  ,  y,  and  S  were  determined  for  each  set  of 
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data.  The  following  procedure  vas  used  for  Ia,  C*,  and  Cp  vs  mixture 
ratio  data  from  both  the  5  in.  and  20  in.  L*  motors. 

X.  Since  the  throat  area  of  the  chambers  was  measured  after  each  run 
it  was  possible  to  correct  all  C*  and  Cp  data  for  the  associated 
changes  in  expansion  and  contraction  ratios.  Thus  changes  in  throat 
area  due  to  the  shrinkage  of  the  chamber  linear  should  not  effect  the 
subsequent  analyses . 

2.  The  data  vere  then  grouped  according  to  injector.  An  injector  was 
considered  to  have  lost  its  former  identity  and  become  a  new  injector 
vhen  the  face  vas  milled.  By  examining  the  reference  fuel  firings 
vhen  applicable,  significant  performance  level  shifts  for  any  one 
injector  over  the  testing  period  could  be  detected.  If  this  occurred. 
It  vas  assumed,  vhenever  possible,  that-  this  shift  vas  linear  over  the 
Injector  testing  period,  and  a  straight  line  vhlch  gave  the  adjustment 
in  performance  required  for  each  test  in  terms  of  the  average  for  the 
given  injector  vas  established. 

To  establish  all  the  performance  data  for  each  chamber 
independent  of  injector  changes,  the  performance  data  from  all  injec¬ 
tors  used  vlth  each  chamber  vere  scaled  vith  respect  to  the  average 
level  of  one  arbitrarily  chosen  injector  by  means  of  the  reference 
fuel  firings. 

3.  After  each  set  of  data  vas  completely  reduced.  It  vas  fitted  vith  a 
curve  of  the  type  y«*  cx.  +  (/S'  x  +  Y)e~x&  .  The  computations  and 
comparisons  vere  carried  out  using  the  I.B.M.  70k  EDIM. 

Results  and  Analysis 

The  results  of  the  model  thrust  chamber  specific  impulse 
program  are  graphically  summarized  In  Figures  5  (5  in-  L*)  and  6  (20 
in.  L*).  The  average  values  of  the  confidence  band  radii  for  the 
illustrated  curves  at  the  95$  confidence  level  are  1.6$  (3.6  sec.)  and 
1.7$  (k.3  sec.)  for  the  5  and  20  in.  L*  data,  respectively.  Measure¬ 
ments  analysis  computations  indicate  that  roughly  half  of  each  of  these 
figures  can  be  attributed  to  instrument  variation;  the  balance,  there¬ 
fore,  is  due  to  the  natural  variance  of  the  test  fuels  and  the  motor. 

In  general,  the  impulses  of  the  propellants  tested  in  the  5  in*  motor 
vere  between  85  and  95$  oT  frozen  theoretical;  the  impulses  obtained  in 
the  20  in.  chamber  vere  uniformly  above  95$  of  frozen  theoretical  in¬ 
dicating,  incidentally,  that  excellent  performance  can  be  obtained  in 
small  motors  vith  proper  injector  design. 

Close  examination  of  the  data  of  Figures  5  and  6  reveals 
some  interesting  general  trends.  The  experimental  curves  of  Figure  5 
do  not  resemble  in  shape  the  theoretical  performance  curves  since  the 
latter  are  maximized  at  lover  mixture  ratios  (i.e,,  in  the  vicinity  of 
2.2).  Ih  fact,  moat  of  the  experimental  curves  appear  to  approach  or 
reach  peak  values  near  the  stoichiometric  mixture  ratios  (3*1  -  3*k 
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depending  on  the  fuel)  at  which,  theoretically,  the  highest  chamber 
temperatures  occur.  This  behavior  suggests  that  at  the  very  low  gas 
residence  time  of  the  5  in.  L*  motor,  equilibrium  conditions  are  being 
approached  only  at  the  highest  flame  temperatures.  Since  chemical 
reaction  rates  and  heat  transfer  rates  from  burnt  gas  to  incoming  pro¬ 
pellant  both  Increase  with  temperature,  it  appears  that  the  performance 
in  the  5  in.  L*  motor  is  rate  limited  at  mixture  ratios  below  stoichio¬ 
metric  and  perhaps  even  at  all  mixture  ratios.  Increasing  the  gas 
residence  time  in  the  chamber  (increasing  L*)  “brings  about  a  distinct 
shift  in  the  peak  impulse  mixture  ratio  (Figure  6)  although  the  degree 
of  this  shifting  varies  considerably  with  the  fuel* 

The  data  of  Figures  5  &nd  6  permit  several  other  important 
general  observations.  The  volatility  of  the  fuels  seems  to  have  little 
correlation  with  its  performance.  For  example,  the  performance  of  RJF, 
one  of  the  least  volatile  fuels  of  Figure  5  (distillation  end  point 
523  F)  is  at  least  as  high  as  that  of  the  highest  volatility  fuel, 
n-heptane  (end  point  206  F).  Similarly,  from  the  20  in.  L*  data 
(Figure  6)  it  is  seen  that  the  performance  of  JF-5R  (end  point  498  F) 
either  exceeds  or  equals  (within  the  total  precision  of  the  data)  that 
of  the  higher  volatility  fuels.  In  fact,  the  Figure  6  data  unambigious- 
ly  point  out  that  JP-5R,  which  meets  the  specification  requirements  of 
MIL-F-25576A,  Is  an  excellent  rocket  fuel  with  liquid  oxygen. 

Some  distinctive  performance  patterns  evolve  when  the  indi¬ 
vidual  families  of  chemical  types  are  reviewed  separately.  For 
example,  because  of  their  low  heats  of  combustion  and  high  c/H  ratios, 
the  aromatic  rich  fuels,  namely  toluene  and  aromatic  naphtha,  should 
have  approximately  9  aod  12  seconds,  respectively,  lower  specific 
impulse  than  either  JP-5R  or  the  Hi- Cetane  Diesel  fuel,  (in  spite  of 
its  higher  aromatic  content,  the  diesel  fuel  does  not  differ  signifi¬ 
cantly  from  JF-5R  in  heating  value  or  C/H  ratio  since  the  former  also 
has  a  3036  higher  paraffin  content.)  Expe rimentally,  however,  this 
predicted  theoretical  relationship  does  not  entirely  prevail.  From 
Figure  7,  it  Is  apparent  that  the  performance  of  toluene  in  the  short 
L*  motor  Is  substantially  equal  in  magnitude  to  JP-5R  and  the  diesel 
fuel  and  considerably  higher  (4.5  seconds)  than  the  aromatic  naphtha. 
Although  this  behavior  pattern  is  thermodynamically  not  predictable. 

It  is  kinetically  reasonable  since  it  is  known  from  flame  study  exper¬ 
iments  that  aromatics  are  normally  faster  burning  than  their  aliphatic 
counterparts.  This  reasoning  can  similarly  account  for  the  higher 
than  predicted  level,  relative  to  JP-5R*  of  the  aromatic  naphtha.  It 
ia  probable  that  the  remaining  difference  between  toluene  and  the 
aromatic  naphtha  can  be  attributed  to  physical  process  rate  limiting 
factors  arising  from  the  considerably  lower  volatility  of  the  latter. 

On  the  other  hand,  when  the  gas  residence  time  in  the  chamber 
is  increased,  chemical  kinetic  influences  rapidly  diminish.  In  the 
20  in.  L*  chamber,  toluene,  heavy  aromatic  naphtha,  and  JP-5R  have 
already  assumed  their  thermodynamically  predicted  relative  order,  the 
performance  differences  between  the  aromatic  fuels  and  JP-5R  reaching 
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65$  of  theoretical.  On  thia  basic,  there  appears  to  be  little  doubt 
that  the  theoretical  thermodynamic  differences  between  aromatic-rich 
and  aromatic -free  fuels  are  readily  realizable  in  the  combustion 
volumes  characteristic  of  high  thrust  chambers.  . 

The  Figure  7  data  for  Hi -Cetane  Diesel  Fuel  are  not  as 
readily  explainable.  Although  the  5  In.  L*  data  appear  reasonable, 
the  20  in.  L*  performance  difference  of  four  seconds  between  this  fuel 
and  JP-5R  is  thermodynamically  not  predictable.  Relative  to  JP-5R,  the 
diesel  fuel  has  somewhat  higher  molecular  weight  and  lower  volatility, 
due  principally  to  a  considerable  quantity  of  high  boiling  n-paraffins 
(Ci6  and  higher)  (Table  III).  The  aromatic  content  of  the  diesel  fuel 
is  four  times  that  of  JP-5R  by  volume,  but  some  eighteen  times  as 
great  by  weight.  The  presence  of  condensed  aromatic  ring  systems,  in¬ 
dicated  by  this  analysis,  may  inhibit  performance.  The  naphthenic 
carbon  content  of  diesel  fuel  is  half  that  of  JP-5R;  the  paraffinic 
content  of  diesel  fuel  is  correspondingly  higher  and,  furthermore,  the 
saturate  fraction  of  diesel  fuel  shows  by  far  the  lowest  degree  of 
chain  branching  of  any  fuel  tested.  This  high  n-paraffin  concentra¬ 
tion  may  be  responsible  for  the  slightly  low  performance,  since  the 
20  in.  L*  data  for  heptane  (Figure  8),  the  only  other  te3t  fuel  high 
in  n-paraffins,  is  similarly  surprisingly  low  (see  below).  It  appears 
that  a  high  n-paraffin  fuel  performs  relatively  well  at  minimum  com¬ 
bustion  volume  (5  in.  L*)  but  is  somewhat  less  efficient  than  an  iso- 
paraffinic  or  naphthenic  fuel  at  moderate  combustion  volume  (20  in. 

L*). 

Figure  8  illustrates  the  performance  characteristics  of  the 
paraffinic  fuels.  Temporary  fuel  procurement  difficulties  prevented 
the  experimental  completion  of  the  5  in.  L*  heptane  and  iso-octane 
curves,  as  well  as  the  20  in.  L*  heavy  alkylate  curve.  Nevertheless, 
sufficient  data  exist  to  illustrate  a  well  defined  trend.  The  fuels 
of  Figure  8  should,  thermodynamically,  show  a  maximum  spread  of  two 
seconds  so  that,  within  experimental  error,  all  the  experimental  curves 
should  be  substantially  identical.  Contrary  to  theory,  marked  differ¬ 
ences  occur  in  both  the  5  in.  and  20  in.  L*  motor  data.  Considering 
n-heptane  and  iso-octane  to  be  Identical  within  experimental  error, 
the  5  in.  L*  motor  impulses  decrease  in  the  order  of  increasing  vola¬ 
tility,  suggesting  the  predominant  influence  of  physical  process  rates. 
However,  in  the  light  of  the  Figure  7  and,  as  will  be  seen.  Figure  9 
data,  it  is  extremely  doubtful  that  the  moderately  lower  volatility  of 
heavy  alkylate  compared  to  JP-5R  can  fully  account  for  the  4  second 
performance  difference.  It  is  more  reasonable  to  hypothesize,  as  in 
the  case  of  toluene  and  heavy  aromatic  naphtha,  that  the  lover  burning 
rates  of  highly  branched  paraffins  are  real  contributory  factors. 

The  20  in.  L*  data  show  the  performance  levels  of  JP-5R  and 
iso-octane  to  be  exactly  id' the'  order  demanded  by  their  combustion 
thermodynamics  without  regard  to  volatility.  However,  n-heptane  i3 
fully  3  seconds  lower  than  expected.  Thia  fuel,  it  will  bo  recalled, 
is  an  approximately  4o : 30 : 30  mixture  of  n-heptane,  me tliy 1 c y c lohexono 
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and  iso-octanes.  3incc  the  performance  of  iso-octane  is  obviously 
good  and  that  of  methylcyclohexane  higher  (see  Figure  9)  than  that  of 
commercial  n-heptane,  one  is  almost  forced  to  the  conclusion  that  the 
full  performance  potential  of  normal  paraffins  is  more  difficult  to 
realize  experimentally,  although  the  reasons  for  this  behavior  are 
not  immediately  apparent.  A  similar  performance  pattern  has  already 
been  noted  with  Ri-Cetono  Diesel,  another  n-paraffin  rich  fuel. 

Figure  9  illustrates  principally  the  remarkably  high  per¬ 
formance  obtainable  from  a  high  boiling,  high  naphthenic,  low  aromatic 
fuel.  BJF  (MIL-F-25553)  vos  tested  only  in  the  5  in.  L*  motor,  where 
its  specific  impulse  was  5  seconds  higher  than  JP-5R  and  apparently 
higher  than  the  simple,  low  molecular  weight  naphthene,  methylcyclo- 
hexane.  The  molecular  structural  characteristics  of  RJF  (Table  III) 
are  substantially  the  same  as  JP-5R  except  that  the  former  has  62$  of 
its  carbon  content  in  naphthenic  structures  compared  to  only  39*4$ 
for  JP-5R. 

Based  on  the  heats  of  combustion  and  c/H  ratios,  methyl- 
cyclohexane  and  JP-5R  should  have  equal  specific  impulses.  The  small 
superiority  of  the  former  under  short  L*  conditions  i3  probably  due 
to  its  higher  volatility,  since  the  order  is  reversed  under  20  in.  L* 
conditions.  The  latter  data  Indicate  that  saturated  ring  systems 
with  numerous  and  varied  substituents  are  more  efficient  burners  than 
simple  molecules.  Exactly  how  high  an  L*  must  be  reached  before 
these  performance  characteristics  based  on  combustion  kinetics  give 
way  to  straightforward  thermodynamics,  is  a  provocative  question 
indeed. 

The  conclusions  which  may  be  derived  from  the  foregoing 
data  are  few  but  quite  important.  First,  volatility  affects  fuel 
performance  somewhat  only  under  extremely  short  L*  conditions,  but 
has  already  lost  its  importance  even  at  a  20  in.  L*.  Under  reasonable 
L*  conditions,  conventional  equilibrium  thermodynamics  can  predict  the 
effect  on  performance  of  aromatics;  inevitably,  because  of  low  heats 
of  combustion  and  high  c/H  ratios,  the  effect  of  aromatics  on  perform¬ 
ance  is  deleterious.  Fuels  in  the  JP-5  distillation  range  will  bene¬ 
fit  from  a  reasonably  high  concentration  of  naphthenics;  on  the  other 
hand,  there  is  evidence,  not  conclusive  by  any  means,  that  n- paraffins 
are  not  especially  desirable  components  of  mixed  fuels  for  reasons 
which  are  not  immediately  apparent.  Branched  paraffins  appear  to 
behave  normally. 

The  performance  behavior  of  mixed  hydrocarbon  fuels  with 
liquid  oxygen  is  not,  unfortunately,  simply  the  story  of  paraffins, 
naphthenes,  and  aromatics.  Little,  if  anything,  is  known  about  the 
possibility  of  special,  totally  unpredictable,  combination  or  syner¬ 
gistic*  effects  of  various  molecular  species.  There  is  the  further 
possibility  of  the  existence  of  specific  molecular  "bad  actors"  whose 
effect  may  exceed  their  concentration  by  many  orders  of  magnitude.  A 
case  in  point  is  the  specific  impulse  behavior  of  Standard  Thinner  425. 

CONFIDENTIAL 


Silverman  -  Thornpaon 


Within  the  limitations  of  the  extensive  chemical  analyses  of  Table  III, 
this  particular  fuel  is  in  all  respects  equivalent  to  JP-5R  and,  like 
JP-5R,  meets  the  specification  requirements  of  RP-1.  Yet  its  perform¬ 
ance  (Figure  10)  is  distinctly  lower  than  JP-5R,  especially  in  the  20 
in.  motor  where  the  difference  is  a  full  3.5  seconds.  This  provides 
further  evidence,  if  any  is  needed,  that  mixed  hydrocarbon  rocket  fuel 
research  is  still  in  its  infancy. 

RP-1  (MIL-F-25576A,  USAF) 

The  immediate  goal  of  the  fuels  program  is  the  development 
of  sufficient  engineering  information  to  establish  a  rocket  engine  fuel 
specification  which  will  insure,  insofar  as  possible,  that  fuel  com¬ 
ponents  detrimental  to  reliable,  consistent,  and  high  performance  are 
eliminated.  Furthermore,  the  specification  requirements  must  be  such 
that  no  significant  variation  in  operating  characteristics  can  result 
from  any  chemical  variation  of  the  fuel  within  the  specification. 
Although  an  enormous  amount  of  research  effort  is  still  in  prospect 
before  all  the  requirements  for  an  ideal  mixed  hydrocarbon  fuel  can 
be  evolved,  the  results  of  the  experiments  discussed  in  the  preceding 
pages  were  sufficiently  definitive  to  permit  the  immediate  recommenda¬ 
tion  of  several  changes  in  the  existing  JP-5  specification.  These 
recommendations,  together  with  additional  changes  designed  to  secure 
higher  thermal  stability  and  more  consistent  engine  operation,  formed 
the  basis  for  the  first  specification  of  a  mixed  hydrocarbon  fuel 
explicitly  intended  for  rocket  engines  using  liquid  oxygen  as  the 
oxidizer.  These  special  requirements  on  the  specific  gravity,  total 
sulfur,  heat  of  combustion,  aromatic  content,  olefin  content,  smoke 
point  and  flash  point  are  sufficiently  important  to  merit  some  special 
comment.  For  purposes  of  comparison.  Table  IV  presents  a  comparison 
of  the  requirements  for  RP-1  and  JP-5. 

Aromatic  Content,  vol  percent,  max. 

RP-1,  5-0 
JP-5,  25.0 
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The  limitation  of  aromatic  content  Is  a  direct  consequence 
of  the  gas  generator  and  thrust  chamber  experiments  described  herein. 
Although  combustion  theory  is  not  sufficiently  advanced  to  permit 
either  a  quantitative  prediction  or  an  unequivocal  explanation  of  the 
deleterious  effect  of  aromatics  on  gas  generator  performance,  the 
phenomenon  is  undoubtedly  real.  The  effect  of  aromatics  in  reducing 
thrust  chamber  performance  was  both  thermodynamically  predicted  and 
expe r iment ally  confirmed.  Ideally,  of  course,  it  would  be  desirable 
to  eliminate  aromatics  entirely;  practically,  however,  such  a  fuel 
would  either  be  prohibitively  expensive  or  entirely  unavailable. 
Hence,  a  practical  lower  limit  was  chosen  consistent  with  reasonably 
high  engine  performance,  i.e.,  5$. 
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Heat  of  Combustion,  Btu/lb,  min. 

RP-1  18,500 
JP-5  18,300 

The  Increase  in  heating  value  of  HP-1  is  a  simple  conse¬ 
quence  of  the  decrease  in  aromatic  limit.  Although  few  samples  of 
RP-1  will  ever  have  heats  of  combustion  below  about  18,600,  a  conser¬ 
vative  value  of  18,500  permits  a  certain  margin  for  safety  to  accommo¬ 
date  the  possible  existence  of  peculiar  blends  which  cannot  be  anti¬ 
cipated.  -  . 

Smoke  Point,  am,  min. 

RP-1  28.0 

JP-5  20.0 

The  higher  smoke  point  of  RP-1  is  also  a  direct  result  of 
its  reduced  aromatic  content. 

Flash  Pointf  min. 

RP-1  110  F 

JP-5  140  F 

The  reduced  flash  point  of  RP-1  also  reflects  the  reduced 
aromatic  and  increased  saturated  hydrocarbon  content.  It  is  of  inter¬ 
est  that  over  a  period  of  a  year's  surveillance,  the  flash  points  for 
most  fuels  varied  between  125  F  and  135  Fj  only  one  or  two  samples 
have  been  found  with  values  as  low  as  119  F.  Thus,  the  flash  point 
can  probably  be  raised  to  120  F,  min  if  desirable. 

Specific  Gravity, 8  API 

RP-1  42.0  -  45.0 

JP-5  36.0  -  48.0 

The  desirability  of  narrow  specific  gravity  limits  for  liquid 
propellant  pump-fed  power  plants  designed  for  use  in  unmanned  vehicles 
is  probably  obvious.  As  the  gravity  limits  become  wider,  the  require¬ 
ments  placed  on  the  engine  propellant  utilization  system  become  in¬ 
creasingly  burdensome,  since  close  mixture  ratio  control  is  required 
for  optimum  performance.  A  narrow  specific  gravity  requirement  for  a 
mixed  hydrocarbon  f  uel  permitting  up  to  25$  aromatic  content  is  un¬ 
realistic  Inasmuch  as  aromatics  and  saturates  of  similar  distillation 
characteristics  are  quite  different  in  density,  the  aromatics  being 
much  the  heavier.  On  the  other  hand,  the  much  tighter  aromatic  limita¬ 
tion  for  RP-1  compared  to  JP-5  permits  a  similar  tightening  of  the 
specific  gravity  range.  Thus,  the  narrow  gravity  range  is  not  of 
itself  a  very  stringent  requirement.  In  the  case  of  RP-1,  physical 
property  correlation  studies  favored  the  42.0  -  45*0  range  and  to  date, 
no  sample  has  failed  to  meet  this  requirement. 
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Sulfur,  totals  percent  wt.,  max. 

RP-1  0.05 
JP-5  0.4 

Mixed  hydrocarbon  fuel3  which  meet  the  aromatic  requirement 
for  RP-1  are  generally  sulfuric  acid  or  sulfur  dioxide  treated  fuels. 

A  natural  and  favorable  consequence  of  this  treatment  is  the  prac¬ 
tically  complete  elimination  of  non-hydrocarbons,  including  sulfur 
compounds.  It  is  widely  recognized  that  organic  sulfur  and  nitrogen 
compounds  are  largely  responsible  for  adverse  effects  on  the  thermal 
stability  of  the  fuel.  There  are  indications  even  in  today's  engines, 
operating  in  the  500  -  700  psia  chamber  pressure  range,  that  the 
thermal  stability  limits  of  hydrocarbon  fuel3  are  being  rapidly 
approached.  The  higher  heat  rates  associated  with  higher  chamber 
pressure  operation  nay  very  well  scon  exceed  the  thermal  limits  of 
many  fuels.  Hence,  any  action,  however  small  or  empirical,  which  will 
increase  the  thermal  stability  limits  of  hydrocarbon  fuels,  should  be 
encouraged.  The  lowering  in  the  total  sulfur  requirement  is  such  a 
step. 

Olefins,  vol  percent,  max. 

RP-1  l£ 

JP-5  % 

The  olefin  content  of  most  JP  fuels  rarely  exceeds  2-3/6- 
In  the  particular  case  of  RP-1,  olefin  content  is  reduced  practically 
to  the  vanishing  point  for  the  same  reasons  (sulfuric  acid  or  SO2 
treatment)  as  apply  to  total  sulfur.  The  limit  of  1$  is  quite  liberal 
since  RP-1  rarely  assays  more  than  0.5$*  However,  the  practical  reason 
for  restricting  this  species  again  has  to  do  with  thermal  stability 
since,  under  pressure  and  at  moderate  temperatures,  olefins  are  known 
to  polymerize  extensively.  The  occurrence  of  such*  pyrolysis  reactions 
in  thrust  chamber  coolant  passages  would  be  disastrous.  The  probabil¬ 
ity  of  this  occurrence  will  increase  ’markedly  as  rocket  chamber  pres¬ 
sures  are  increased  in  the  quest  for  higher  performance. 

The  RP-1  fuel  specification  thus  represents  a  first  major 
step  in  recognizing  and  to  a  considerable  extent  providing  for  the 
special  requirements  of  large,  advanced  liquid  propellant  rocket 
engines.  This  specification  still  represents  a  considerable  compromise 
between  desirability  and  availability.  As  the  importance  of  the  rocket 
engine  gains  recognition,  the  application  on  a  large  scale  of  refining 
techniques  already  available,  such  as  hydrotreating,  and  the  introduc¬ 
tion  of  new  techniques  will  no  doubt  permit  the  specification  of  fuels 
of  ever  improving  performance  characteristics  which  can  also  be  made 
available  in  adequate  quantity  at  a  reasonable  cost.  ‘ 
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TABLE  I.  Physical  Properties  of  Hydrocarbon  Fuels 

JP-4  Kerosene  Amsco  Methyl  Heptane  Isooctane  Toluene  Isopentane 
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TABUS  II  Analytical  Results  for  the  Low  Bolling  Fuels  (Contd.) 


TABLE  II  Analytical  Results  for  the  Low  Boiling  Fuels  (Contd) 

Toluene  If-Heptsne  Iso-octane  Methyl-Cyclo  Iso-octene 

(Phillips)  Phillips  (Phillips)  Hexane  (Phillips) 

Comm.  Gd.  (Phillips) 


TABUS  XI  Analytical  Results  for  the  lav  Boiling  Fuels  (Contd.) 

Toluene  N-Heptane  Iso -octane  Methyl-Cyclo  Iso-octene 

(Phillips)  Phillips  (Phillips)  Hexane  (Phillips) 

Comm.  Gd.  (Phillips) 
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FIG*  3*  Fuels  Evaluation  Motor  Spoke  Injector  #1  -  Reversed  Triplet-Doublet 


Fuels  Evaluation  Motor  Assembly 


Fuels  Program  5"L* 


MIXTURE  RATIO  (LB  OXID/LB  FUEL) 

Statistical  Curve  -  Pits  for  Adjusted  Data  from  the 
Fuels  Program  20 "L*  Fuels  evaluation  Motor 


SPECIFIC  IMPULSE  (SEi 


SPECIFIC  IMPULSE  (SEC) 


Sllvonnan  -  Thompson 
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FIG.  9.  Statistical  Curve  -  Fits  for  Adjusted  Data  from  the 

Fuels  Program 
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MIXTURE  RATIO  (LB  OXID/LB  FUEL)  * 

FIG.  10.  Statistical  Curve  -  Fits  for  Adjusted  Data  from  the 

Fuel3  Program 
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THE  PERFORMANCE  OF  UN  SYM- DIMETHYLHY DRAZINE- RED 
NITRIC  ACID  IN  A  MOTOR  AT  VARYING  THRUST  LEVELS 


N.  J.  Sippel,  D.  H.  Couch,  and  Stanley  Singer 
U.  S.  Naval  Ordnance  Test  Station 
China  Lake,  California 


The  study  of  the  5*0-Inch  Liquid-Propellant  Aircraft  Rocket 
(LAR)  at  the  U.  S.  Naval  Ordnance  Test  Station  was  concerned  with  de¬ 
velopment  of  a  liquid  propellant  motor  with  distinctive  characteristics 
(1).  High  thrust  was  required  from  a  small  combustion  chamber.  In 
the  program  beginning  in  1950  studies  were  directed  to  motors  operat¬ 
ing  at  1,500-1,800  psi  chamber  pressures  with  characteristic  chamber 
length  (L*)  of  8.5-20  inches.  In  terms  of  propellant  consumption, 
performance  specifications  required  study  of  propellant  loading  den¬ 
sity  rates  in  the  combustion  chamber  in  the  range  0.5-5 .0  pounds  per 
second  per  cubic  inch  of  chamber  volume.  As  development  progressed 
performance  obtained  from  the  bipropellant  systems  used  in  the  rocket 
gradually  improved  from  62$  to  almost  90$  of  theoretical.  The  increase 
in  performance  largely  followed  improvements  in  the  d  sign  of  the 
injector. 

With  impending  requirements  for  motors  capable  of  supplying 
continuously  variable  thrust  on  demand,  attention  turned  to  applica¬ 
tion  of  the  LAR  motor  for  this  purpose.  Initial  studies  were  directed 
to  investigation  of  combustion  stability  and  performance  in  a  motor 
with  fixed  injector  and  nozzle  area. 

In  this  simple  approach  thrust;  variation  in  the  missile 
would  ostensibly  be  obtained  by  variation  of  the  force  used  in  trans¬ 
ferring  the  propellants  or  by  variation  of  the  pressure  drop  in  propel¬ 
lant  flow  upstream  of  the  injector.  This  contrasts  with  methods  which 
control  propellant  flow  by  variation  of  injector  orifice  area  and  noz¬ 
zle  throat  area,  which  may  make  available  significantly  higher  perform¬ 
ance  over  wide  ranges  of  thrust  (2,  3» 

The  PEMLAR 

The  combustion  and  performance  tests  were  made  in  a  static 
test  motor  modeled  on  the  TAR  and  used  for  propellant  evaluation,  the 
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PEMLAR.  A  schematic  diagram  of  the*  motor  in  ito  tent  stand  is  shown 
in  figure  1.  High-pressure  nitrogen  gas  is  used  to  feed  the  propel¬ 
lants  in  parallel  oxidizer  and  fuel  tanks  and  propellant  lines  for  the 
tests.  The  propellant  lines  are  firmly  braced.  The  motor  used  in 
propellant  evaluation  tcst3  is  shown  in  figure  2. 

The  injector  is  illustrated  separately  by  figure  3*  The  in¬ 
jector  contains  36  alternating  oxidizer  and  fuel  orifices  in  a  single 
ring  with  a  diameter  of  1.7  inches.  For  the  usual  tests  propellant 
mass  flow  is  controlled  largely  by  the  orifice  dimensions.  The  pro¬ 
pellants  are  injected  into  the  combustion  chamber  axially;  they  are 
deflected  toward  its  center  by  the  deflector  ring.  The  action  of  the 
injector  may  thus  be  compared  with  that  of  an  optical  system.  The 
angle  of  the  deflector  surface  provides  a  means  of  focusing  or  concen¬ 
trating  propellants  toward:  a  pcrttlt  at  a  selected  distance  from  ‘the 
plane  of  the  injector. 

This  motor,  which  is  somewhat  improved  over  the  LAR,  has 
given  somewhat  higher  performance.  For  example,  up  to  99$  of  theo¬ 
retical  c*  has  been  obtained  with  unsym-dimethylhydrazine  (DMH)  and 
red  fuming  nitric  acid  containing  20 $  nitrogen  dioxide  (RFNA).  Some 
propellant  investigations  in  the  motor  with  20-inch  L*  shown  in  figure 
2  are  summarized  in  table  1  to  illustrate  typical  studies  and  perform¬ 
ance  results. 

TABLE  1. 


PEMLAR  Propellant  Studies 


Fuel8, 

Deflector*3 

Oxidizer: 
Fuel  Ratio0 

Rcd. 

Ib/in3/sec 

PcG 

psi 

c£ 

fps 

DMH 

Mod  1 

2.35-2.93 

0.45 

1490 

5165 

-  25 

DMH 

Mod  2 

2.60 

0.45 

1465 

5255 

±  4o 

Hydrazine 

32$  Ammonium 
Thiocyanate 

Mod  1 

1.33-1.57 

0.47 

1460 

5050 

t  10 

1,3-Bis(di- 
methylamino)- 
propane  8 

Mod  2 

2.90-3.46 

0.45 

1460 

5230 

-  15 

Anilineh 

Mod  1 

1.92-2.67 

0.45 

1320 

3995 

i  145 

Tetramethvl- 

tetrazene* 

Mod  1 

2.33-2.57 

0.45 

1460 

5130 

±  80 

a.  The  oxidizer  used  had  the  nominal  composition  HNO3  77$* 

NCb  20$,  HF  0.5$,  H;>0  2.5$.  b.  Two  deflector  rings- were 
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THE  PEMLAR  TEST  MOTOR  (  SCHEMATIC  ) 


Figure  1.  The  PEMLAR  Test  Motor 


PRESSURE  TAP 
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Figure  2.  Hie  FEMLAR  Snail- Diameter  Motor 
Internal  Dimensions:  2"  X  4" 


INJECTOR 


.  4 


Sippel 
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Figure  3*  PEMLAR  Injector 


Glppel 


used  in  these  studies;  "Mod  1"  indicator,  a  ring  with  a  single 
nurfuee  at  60°  to  the  face  of  the  injector,  "god  2"  van  a  ring 
with  a  surface  at  60°  followed  by  another  at  45*.  c.  The  com¬ 
puted  (stoichiometric)  O/F  weight  ratios  are  as  follows.  For 
each  fuel  two  values  /ire  given,  the  first  for  complete  oxida¬ 
tion  of  all  carbon  to  CO^j,  the  second  for  oxidation  to  5 0/»  CO 
and  50'/)  COg:  DMH  3*30,  2.89;  hydrazine-321/?  ammonium  thiocyna- 
nate  1.67#  1.62;  bia-(dimethylamino)propane,  4.37#  3*70;  ani¬ 
line  4.11,  3*32;  tetramethyltetrazene  2.98#  2.56.  d.  The 
chamber  loading  density,  e.  Chamber  pressure,  f.  Charac¬ 
teristic  exhaust  velocity  with  standard  deviation  of  the  mean, 
g.  Supplied  by  Phillips  Petroleum  Company-Wright  Air  Develop¬ 
ment  Center,  h.  The  oxidizer  contained  3$  ammonium  vanadate 
in  the  studies  of  aniline. t. Supplied  by  Drs.  W.  R.  McBride  and 
H.  W.  Kruse,  Inorganic  Chemistry  Branch,  U.  S.  Naval  Ordnance 
TVjst  Station.  . 

The  conditions  indicated  in  these  studies  are  representative 
of  those  discussed  previously  as  applied  in  the  LAR.  Thus,  chamber 
pressures  of  1400-1500  psi,  loading  density  rates  of  0.45  lb/in^/sec, 
and  an  L*  of  20  inches  were  used.  The  studies  of  DMH  show  the  effect 
of  the  deflector  ring  on  performance.  Increase  of  performance  avail¬ 
able  by  variation  of  the  deflector  design,  usually  by  a  decrease  in 
the  angle,  is  limited  by  the  appearance  of  combustion  roughness. 

These  tests  were  insufficient  to  establish  a  variation  of  c* 
with  0/f  ratio  in  the  ranges  studied.  No  correlation  of  the  two  para¬ 
meters  exceeding  the  standard  deviation  reported  appeared  in  the 
ranges  given. 

Similar  tests  were  made  with  DMH  in  a  combustion  chamber 
with  a  length  of  2  inches,  a  diameter  of  2  inches,  and  an  L*  of  10 
inches.  Performance  equal  to  that  obtained  in  the  motor  with  20-inch 
L*  was  obtained  with  a  loading  density  rate  of  0.88  lb/in3/sec.  Under 
these  conditions  the  motor  is  delivering  a  thrust  of  1600  pounds.  A 
thrust  coefficient  of  I.63  is  assumed  since  thrusts  were  not  measured 
in  these  studies.  Tests  at  loading  rates  up  to  1.00  lb/in^/sec  gave 
satisfactory  combustion.  At  the  maximum  loading  rate  of  1.00  perform¬ 
ance  decreased  by  approximately  14/  from  the  opt imam  rate  of  0.88. 

Hie  hydrazine-32/'  ammonium  thiocyanate  fuel  is  a  low  freez¬ 
ing  solution  which  was  of  interest  until  the  introduction  of  DMH  (5). 

The  1 , 3-bis-(dimethylamino )propane ,  also  known  as  N,N,N,,N,“ 
tetramethylpropane-1, 3-diamine,  gave  performance  comparable  with  that 
of  DMH  but  with  rougher  combustion.  Initiation  of  combustion  was  also 
rougher.  Oscillations  in  a  typical  test  occurred  with  a  frequency  of 
approximately  250  cps.  Roughness  occurred  in  repetitive  cycles  of  0.1 
sec  with  the  amplitude  of  pressure  oscillations  gradually  increasing 
to  approximately  130  psi.  Characteristically,  there  was  no  erosion  of 
motor  parts  during  such  tests.  The  rough  combustion  as  well  as  the 
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high  performance  may  be  attributed  to  the  deflector  ring  need . 

Aniline ,  studied  with  RFIJA  containing  3 >  ammonium  vanadate 
to  necure  hypergollc  ignition  with  a  short  delay  time  (9  raillisec), 
gave  markedly  lower  performance  as  noted  in  tubLc  1.  Combustion  was 
variably  rough  on  occasion. 

Tetrumethyltotrazene  gave  very  smooth  combustion  and  high 
performance  comparable  with  that  of  KiH.  This  compound  is  structural¬ 
ly  similar  to  DMI,  from  which  it  is  prepared  (6).  Its  properties 

include:  boiling  point,  125°C  (extru- 
>'N-N=N-N>'^5  pointed);  melting  point,  -22.0°C; 

C»;  sCHj  density,  0.8895  g/cc  (25°C);  viscos- 

Tbtrarcethyltetrazene-2  ity,  0.7  cp  (25°C);  and  ignition  delay 

with  RFIJA  of  2  milliseconds. 

Varying  Thrust  Level  Experiments 

DMH  was  selected  for  the  studies  of  performance  at  different 
flow  rates  in  the  PEMLAR.  The  motor  shown  in  figure  4  was  used  with 
the  standard  injector  of  figure  3  and  a  deflector  angle  of  70°.  Hie 
L*  of  the  combustion  chamber  was  15  inches.  In  these  tests  a  flat  noz¬ 
zle  with  no  expansion  cone  was  used;  performance  assessment  was  based 
on  characteristic  exhaust  velocity.  Thrust  was  not  measured.  Hie  at¬ 
titude  of  the  motor  was  somewhat  different  from  that  shown  in  figure  1, 
the  nozzle  being  directed  at  an  angle  of  45*  to  the  horizontal.  Per¬ 
formance  was  not  affected  by  this  change. 

Chamber  pressure  recordings  were  obtained  with  two  Wiancko 
pressure  transducers  in  the  pressure  taps  shown  on  figure  4,  one 
placed  in  the  face  of  the  injector  and  the  other  at  the  side  of  the 
chamber  near  the  nozzle.  The  response  of  the  galvanometers  in  the 
recording  oscillograph  is  fairly  limited,  with  flat  response  up  to  l80 
cps.  Indications  of  frequencies  up  to  500  cps  and  above  can  be  ob¬ 
tained.  The  sensitivity  of  the  pressure  measurement  is  dependent  on 
the  pressure  being  measured.  Thus,  in  figure  5a  rough  combustion  in¬ 
dicated  at  the  side  tap  shows  maximum  peak-to-peak  oscillations  of 
approximately  110  psi  at  a  chamber  pressure  of  540  psi.  The  minimum 
pressure  oscillation  which  would  be  visible  is  estimated  at  25-30  psi. 
This  sensitivity  applies  to  record  5b  also.  In  record  5c  an  oscilla¬ 
tion  of  approximately  7  psi  could  be  observed  if  it  occurred  in  the 
chamber  pressure,  which  is  90  psi. 

Propellant  flow  in  the  tests  was  measured  with  the  well- 
known  Potter  turbine  flowmeter.  (7,  8)* 

Hie  materials  used  in  the  combustion  chamber  (figure  4) 
include:  1020  mild  steel  for  injector  plug,  heat  shield,  and  chamber 
liner;  304  stainless  steel  for  injector,  deflector  ring  and  the  cham¬ 
ber  wall  containing  the  injector;  and  copper  for  the  nozzle.  The 
nozzle  is  cooled  with  water.  Transito  is  also  used  as  chamber  liner. 
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PRESSURE  TAP 


Figure  4,  The  PEMLAB  Large -Diameter  Motor 
Chamber  Dimensions:  4"  X  V 


Figure  5*  Thrust  Level  Test  Records 
Reduction  factor  in  reproduction:  1:3 

Propellants:  DMH-RFNA 
Injector:  STM  2A;  Mod  6(70°) 

a.  PEJILAR  Test  130;  chamber  pressure,  510  psi;  0.55  sec  of  run 
deleted  from  middle  of  trace. 

b.  PEMLAR  Test  149;  chamber  pressure,  467  psi;  5  sec  of  smooth 
run  continued  from  right  section  deleted  from  center  of  trace;  ex¬ 
tended  rough  shut-down  in  left  section  caused  by  exhaustion  of 
oxidiser. 

c.  PEMLAR  Test  151;  chamber  pressure,  72  psi;  22  sec  of  run 
deleted  from  middle  of  trace. 
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In  a  propellant  teat  the*  propellant  line:;  between  the  PPMLAPt 
and  the  propellant  valves  shown  in  figure  1  were  filled  with  5  cubic 
inches  of  a  slurry  of  Bentonite  containing  approximately  tyOf,  water. 

The  propellant  tanks  were  pressurized  with  nitrogen,  and  the  valves 
opened  for  the  firing.  Performance  test3  were  in  general  between  1 
and  3  seconds  in  length  as  in  the  propellant  evaluation  studies  dis¬ 
cussed  previously.  Maximum  firing  times  of  6  seconds  at  the  highest 
flow  rate  and  25  seconds  at  the  lowest  were  studied  to  observe  effects 
on  the  motor  parts.  The  firing  times  were  limited  by  propellant  tank 
capacity.  Dick  of  a  variable  gas  pressure  control  required  separate 
tests  at  each  pressure.  The  applied  gas  pressure  was  adjusted  to  give 
the  desired  propellant  flow  and  chamber  pressure. 

Results  of  Thrust  Level  Studies 

The  following  observatior.3  were  marie  to  evaluate  the  results: 
the  magnitude  of  the  pressure  transients  on  initiation  of  combustion, 
the  smoothness  of  the  pressure  traces,  performance  (as  c*),  and 
regions  and  depth  of  erosion  of  motor  part3. 

The  flow  of  water  from  the  P34LAR  injector  was  investigated 
at  the  gas  pressures  applied  in  the  varying  thrust  tests.  Figure  6a-h 
shows  these  tests.  The  "lens”  effect  is  clear.  At  lower  pressures 
flow  is  weak  and  mixing  relatively  poor.  Little  change  in  the  flow 
appears  above  applied  pressures  of  900  psi.  At  the  higher  pressures 
an  oscillation  occurs  near  the  "focal  point".  The  rough  combustion 
observed  in  tests  at  high  pressures  may  be  a  reflection  of  this  fluc¬ 
tuation  in  liquid  flow.  Pressure  oscillations  are  usually  recorded  at 
the  side  of  the  chamber  at  the  position  closest  to  the  region  where 
this  characteristic  fluctuation  occurs.  Pressure  observed  at  the 
other  position  is  usually  very  stable.  In  smooth  combustion  no  oscil¬ 
lations  are  observed  at  either  position. 

In  addition  to  the  difference  in  stability  Occasionally  ob¬ 
served  at  the  two  pressure  stations,  a  discrepancy  in  the  magnitude  of 
pressure  was  usually  observed.  In  most  tests  the  station  in  the  in¬ 
jector  face  indicated  markedly  higher  pressures  than  the  side  station. 
Differences  up  to  70  psi  were  observed  at  the  highest  thrusts  studied. 
The  discrepancies  decreased  generally  with  decreasing  flow  rate.  In  a 
few  tests  the  higher  pressure  was  noted  at  the  side  station.  These 
observations  can  for  the  most  part  be  attributed  to  a  combination  cf 
the  various  effects  of  the  flow  patterns,  velocities,  and  propellant 
reaction.  The  chamber  pressures  reported  are  unweighted  averages  of 
the  two  readings;  and  characteristic  exhaust  velocities  were  computed 
with  the  averages. 

The  boundaries  of  the  liquid  seen  in  figure  6  up  to  the 
focal  point  remain  within  the  dimensions  of  the  small-diameter  cham¬ 
bers  used  in  the  propellant  evaluation  discussed  previously. 

The  results  of  a  series  of  tests  made  at  varying  thrust 

CONFIDENTIAL 


201 


CONFIDENTIAL 


a.  100  pci 


b.  P^  300  psi 


c.  P^  500  psi  d.  PA  TOO  psi 

Figure  6.  Injector  Flow  Studies 
Injector  STM  2A,  Mod  6(70°) 


levels  are  summarized  in  table  2.  The  thrust  variation  in  these  tests 
is  indicated  in  the  final  column  of  table  2  by  the  variation  in  the 
product  of  propellant  mass  flow  rate  and  the  characteristic  exhaust 
velocity,  w  c*.  This  parameter  is  computed  from  experimental  vari¬ 
ables  and  is  used  because  thrust  was  not  measured.  The  variation  in 
thrust  indicated  is  a  factor  of  16  to  1  over  a  region  of  stable  non- 
erosive  combustion.  If  thrust  is  computed  with  estimated  thrust  co¬ 
efficients,  a  variation  of  22  to  1  is  indicated  from  299®  lb  down  to 
135  lb.  In  this  estimate  a  thrust  coefficient  of  1.52  was  used  for 
the  maximum  thrust  and  a  coefficient  of  1.1  for  the  lowest. 

Smooth  combustion  was  obtained  at  chamber  pressures  from  5^9 
psi  down  to  35  psi.  In  short  tests  over  the  thrust  range  no  erosion 
was  noted  in  a  cumulative  firing  time  of  65  sec.  In  the  tests  run  at 
maximum  firing  times  of  6  sec  at  maximum  thrust  in  non- oscillatory 
combustion  there  was  slight  erosion  of  the  deflector  ring,  and  at  low 
thrust  level  there  was  little  or  no  erosion  in  25 
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c.  PA  9°°  psi  f.  Pa  1100  pci 


?A  1300  psi 

Figure  6(contd.)  Injector  Flow  Studie 
Injector  STM  2A,  Mod  6(70°) 


h.  PA  1500  pci 


Propellant  flow  rate  decreased  linearly  with  the  square  root 
of  the  pressure  drop  in  injection.  The  pressure  drop  reported  in 
these  studies  was  that  observed  between  the  propellant  tanks  and  the 
combustion  chamber.  The  drop  in  pressure  varied  approximately  linear¬ 
ly  with  the  pressure  applied  to  the  propellants  over  the  range  studied. 


As  the  data  in  table  2  indicate,  the  thrust  change  is  only 
in  part  caused  by  the  change  in  propellant  flow  rate,  which  varies  by 
a  factor  of  6  to  1.  In  addition,  there  is  a  decrease  of  combustion 
efficiency  reflected  in  c*  as  flow  rate  and  chamber  pressure  decrease. 
The  variation  of  c*  with  chamber  pressure  is  shown  in  figure  7«  The 
curve  indicated  on  this  figure  is  a  second  degree  function  represent¬ 
ing  all  the  data  with  a  least-mean-squares  fit.  The  experimental  re¬ 
sults  appear  to  show  somewhat  higher  combustion  efficiencies  than 
indicated  by  this  function  at  chamber  pressures  from  100-200  psi,  with 
c*  decreasing  sharply  at  lower  pressures.  The  wide  variation  among 
results  seen  in  figure  7  at  the  higher  chamber  pressures  may  be  caused 
by  the  use  of  pressure  averages  as  described  in  the  previous  discus¬ 
sion. 
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Thrust  Level  Studies0, 

Propellants;  unoym-dimethylhydrazine,  red  fuming  nitric  acid  (20$  UOq) 
L*;  15" 

Deflector  Ring  Angle;  70* 


w 

o/r 

|c 

Pa 

Pc 

AP 

c* 

lb/sec 

lb/in-Vsec 

psi 

psi 

psi 

fps 

w  c* 

12.38 

2.70 

0.24 

1675 

569 

1106 

5120 

63,400 

12.37 

2.98 

0.24 

1665 

467 

1190 

4270 

52,800 

10.97 

2.06 

0.21 

1675 

5C0 

1167 

5140 

56,400 

10.91 

-  2.81 

0.21 

1655 

478 

1177 

4850 

52,900 

10.35 

3.12 

0.20 

1150 

349 

801 

3810 

39,400 

10.01 

3.2  6 

0.19 

1150 

340 

810 

3830 

38,300 

8.12 

3.10 

0.16 

770 

292 

478 

4100 

33,300 

8.11 

3.14 

0.16 

795 

296 

499 

4120 

33,500 

6. o4 

2.82 

0.12 

515 

237 

278 

4350 

26,300 

5.85 

3.15 

0.11 

495 

189 

306 

3600 

21,100 

5.52 

2.81 

0.11 

510 

237 

273 

4760 

26,300 

5*05 

2.98 

0.10 

400 

179 

221 

3960 

20,000 

5.05 

2.98 

0.10 

4oo 

174 

226 

3840 

19,400 

4.25 

2.97 

0.08 

305 

144 

161 

3790 

16,100 

4.20 

2.93 

0.08 

300 

145 

155 

3870 

16,200 

3.28 

3.00 

0.06 

205 

108 

97 

3690 

12,100 

3.23 

2.99 

0.06 

205 

105 

100 

3640 

11,800 

2.51 

3.92 

0.05 

135 

54 

61 

2420 

6,070 

2.37 

3-14 

0.04 

130 

77 

53 

3670 

8,700 

2.35 

3.90 

0.04 

130 

56 

74 

2680 

.  6,290 

2.33 

3.09 

0.04. 

124 

72 

52 

3500 

8,160 

2.14 

4.63 

o.o4 

95 

35 

60 

1840  - 

3,940 

2.01 

4.29 

0.04 

100 

54 

56 

3030 

6,086 

a 

w  is  the  total  mass  flow  rate  of  propellants  into  the 
combustion  chamber.  O/F  is  the  mass  ratio  of  RFNA  to  DMH. 

is  the  gas  pressure  applied  to  the  propellants.  Pc  is 
the  combustion  chamber  pressure  obtained  as  the  average  of 
pressures  measured  at  the  two  locations  in  the  chamber. 

A  P  is  the  pressure  drop  between  the  propellant  tanks  and 
the  combustion  chamber.-  Theoretical  c*  from  exact  computa¬ 
tions  for  RFNA  containing  14$  nitrogen  dioxide  is  5360  fps 
at  O/F  2.5,  5330  at  3.0,  and  5250  at  3-^5  (9)* 
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In  terms  of  missile  performance  these  results  would  mean 
that  range  for  a  flight  at  the  lower  or  intermediate  thrusts  with  thi3 
motor  would  be  significantly  decreased  oyer  that  obtainable  with 
better  combustion  efficiency. -  An  ulternate  interpretation  is  that  for 
a  given  low  propellant  flow  rate  the  thrust  is  significantly  reduced 
from  theoretical. 

Hie  reduction  in  performance  may  be  explained  in  part  by  the 
observations  in  the  water  flow  tests  (figure  6).  In  addition,  the  in¬ 
jector  configuration  or,  more  specifically /  the  deflector  angle  selec¬ 
ted  for  this  study  was  based  on  high  performance  compatible  with 
smooth  combustion  without  erosion  at  the  maximum  flow  rates.  Further 
improvement  through  optimization  of  the  deflector  design  is  possible. 
For  example,  in  exploratory  tests  a  deflector  ring  with  two  surfaces, 
the  first  at  JO*  followed  by  another  at  60°,  has  been  studied.  (The 
surfaces  are  specified  in  the  order  in  which  liquid  flowing  from  the 
injector  orifices  hits  them.)  With  use  of  the  two-angle  deflector  an 
average  c*  of  4420  fps  at  104  psi  chamber  pressure  was  obtained,  an 
increase  of  approximately  21$  over  that  obtained  with  the  (0°  deflec¬ 
tor.  In  the  region  of  225  psi  c*  is  approximately  4450  fps;  combus¬ 
tion  is  non-erosive,  but  very  small  oscillations  are  visible  in  the 
pressure  records,  and  a  whistle  i3  audible  during  the  test.  At  5&5 
psi  oscillations  are  intense;  the  injector  face  and  regions  of  the 
chamber  erode  even  during  1-2  second  tests.  Performance  based  on  c*, 
however,  is  equivalent  to  that  with  the  70*  deflector.  PUture  studies 
thus  give  promise  of  improved  performance  at  the  low  thrust  levels  and 
chamber  pressures  investigated  here,  combustion  stability  and  motor 
erosion  at  high  thrust  defining  a  limit  to  this  approach. 
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ia  S.  Pickford  end  H.  B,  Ellin 
Aerojet-General  Corporation 
Azu3c,  California 

ABSTRACT 

The  tangential  combustion  instability  in  liquid-propellant 
rocket  motors  has  beer  investigated*  A  physical— process  mechanism 
for  fully  developed  instabilities  has  been  proposed  and  a  system 
established  for  the  various  front  modes.  The  axial  and  radial 
distribution  of  the  front,  occurring  ir.  the  experimental  chamber,  is 
discussed.  Luminosity,  instantereous  pressure,  and  front  motion  have 
been  correlated,  and  an  estimate  has  been  made  of  the  movement  of 
chamber  gas  during  unstable  combustion. 

I.  INTRODUCTION 

The  tangential  mode  of  combustion  instability  has  been 
one  of  the  more  severe  combustion  problems,  and  is  capable  of 
damaging  or  destroying  a  thrust  chamber  within  a  relatively  short 
period  of  time.  The  majority  of  thrust-chamber  developments  by  the 
various  rocket  engine  contractors  have  encountered  the  tangential  mode 
in  one  form  or  another.  Usually  the  project  has  been  delayed  until 
stable  combustion  is  achieved. 

The  purpose  of  the  investigation  discussed  in  the 
following  text  is  to  define  the  nature  of  the  tangential  mode  of 
combustion  instability  and  to  determine  the  physical  processes 
associated  with  this  phenomenon.  The  results  outlined  represent 
on  increment  in  a  continuing  research  project. 


*The  research  work  discussed  in  this  paper  was  supported  by  the 
United  States  Air  Force,  through  the  Combustion  Dynamics  Division, 
AF  Office  of  Scientific  Research,  Air  Research  and  Development 
Command,  Contract  No.  AF18(600)-1155.  See  References  1,  2,  and  3. 
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IT.  EQUIPMENT 

In  order  to  conduct  an  experimental  investigation  of  the 
tangential-combustion  instability,  It  was  necessary  to  develop  a 
suitable  laboratory  tool.  The  combustion  chamber  should  be  able 
to  roproduco  any  desired  mode  and  should  suffer  a  minimum  of  physical 
damage,  thus  requiring  little  or  no  maintenance.  For  the  greatest 
significance  in  results,  the  experimental  tests  should  be  comparable 
with  full-scale  thrust-chamber  operation. 

For  the  experimental  tests,  thrust  chambers  were  designed, 
fcvorjng  the  tangential  mode  by  confining  tbe  propellant  injection 
to  an  annulus  extending  radially  inward  from  tbe  circumference  of 
the  combustion  chamber.  To  facilitate  changes  in  injection  patterns, 
the  injector  was  divided  into  replaceable  sections,  which  resulted 
in  a  discontinuous  injection  pattern  around  the  chamber  circumference. 
A  view  of  a  typicel  research  motor  injector  face  is  given  in  Figure 
1.  To  initiate  combustion  instability,  a  gas  pulse  was  created  by 
burning  desired  weights  of  smokeless  gunpowdor  behind  burst  diaphragms 
of  appropriate  thickness.  The  weight  of  the  powder  charge  required 
to  initiate  instability  was  used  as  a  relative  measure  of  the 
resistance  level  to  the  initiation  of  high-frequency  instability 
offered  by  the  test  configuration.  The  velocity  of  the  wave  front 
and  the  circumferential  velocity  of  the  chamber  gases  during  the 
front  passage  are  used  os  a  measurement  of  the  front  severity  or 
strength.  For  the  initial  phases  of  the  testing,  these  two  measure¬ 
ments  were  considered  to  be  adequate  in  describing  the  front  and 
for  indicating  the  degree  of  reproducibility. 

Fhysical  damage  to  the  hardware  was  kept  at  a  minimum  by 
restricting  the  full-thrust  operation  under  high-frequency 
instability  to  0.120  sec  or  less,  which  was  found  by  experience  to 
be  a  satisfactory  duration. 

Three  different  sizes  of  thrust  chambers  were  constructed 
having  diameters  of  15,  22-1/2,  end  30  in.  The  smallest  size 
incorporated  eight  removable  injector  elements;  the  second,  12 
elements;  and  the  largest,  16  elements.  The  relationship  of  the 
injector  elements  to  each  other  and  to  the  chamber  well  was  the 
same  for  all  chamber  sizes.  Circumferential  windows  were  placed 
approximately  1.7  in.  downstream  of  the  injector  fees.  A  15  in. 
diameter  thrust  chamber  was  modified  so  that  an  axial  window  could 
be  clamped  along  the  full  length  of  the  chamber.  The  injector  was 
split  along  a  diameter,  and  a  window  was  incorporated  here  also. 

A  schematic  of  the  split  chamber  is  illustrated  in  Figure  2  and  a 
view  of  the  test  installation  is  shown  in  Figure  3.  Tbe  22^  in.  dia 


CONFIDENTIAL 


209 


ckford,  Ellis 


thrust  chamber  and  the  30  in,  di«  chamber  appear  in  Flguroo  4  and  5. 

Most  of  the  date  used  in  the  technical  discussion  was  obtained 
by  the  slit  window,  atrip  film  technique  and  with  high-response 
pressure  transducers.  Figure  6  illustrates  the  photographic 
technique  for  recording  luminosity  from  a  circumferential  window. 
General  Radio  cameras  were  used  which  were  capable  of  film  velocities 
of  100  ft/coc.  Timing  dots  were  placed  on  all  films  simultaneously 
at  0„001-3ec  intervals.  On  tho  pressure  records,  the  timing  dot 
and  corresponding  event  are  side  by  side,  whereas,  on  the  slit 
window  records  the  event  is  recorded  15  sprocket  holes  ahead  of  the 
corresponding  timing  dot.  Pressure  was  sensed  with  a  Li-Liu  pressure 
gauge  and  recorded  by  a  strip-film  camera  exposed  to  the  face  of  an 
oscilloscope.  The  pressure-sensing  diaphragm  of  the  gauge  was 
mounted  flush  with  the  chamber  wall  in  all  coses. 

All  of  the  tests  were  made  with  red  fuming  nitric  acid,  type 
III-A  (MIL  N-7254B-USAF  Specification)  and  JP-4  propellants  and  were 
used  with  a  showerheod  injection  pattern. 

III.  TECHNICAL  DISCUSSION 

A.  MOTION  OF  TANGENTIAL  FRONT  IN  CHAMBER 

The  tangential  front  revolves  around  the  chamber  end  i3 
concentrated  in  an  annular  20ne,  the  outer  boundary  of  which  is 
formed  by  the  chamber  wall.  The  location  of  the  front  within  an 
axial  segment  of  the  chamber  was  obtained  through  photographic 
records  taken  at  epproxiira tely  90°  to  each  other,  as  illustrated  in 
Figure  7.  These  two  records  furnish  coordinates  by  which  the  front 
position  in  the  chamber  can  be  found.  Figure  8  shows  a  strip-film 
photograph  from  each  camera  and  locates  the  front  position  in  the 
chamber  from  the  films.  A  continuous  single-front  instability  is 
present  in  this  example.  The  points  A,  B,  end  C  which  are  marked  on 
the  film  are  related  to  the  corresponding  points  on  the  schematic  of 
the  chamber  shown  at  the  bottom  of  the  figure.  Point  A  appears  at 
the  bottom  of  camera  record  No.  1.  At  the  same  time,  it  appears  on 
the  far  side  of  the  chamber  to  camera  No,  2.  When  the  front  arrives 
at  point  B,  midway  between  A  and  C,  it  is  approaching  the  peak 
excursion  point  33  viewed  from  camera  No.  1  and  will  soon  pass 
around  to  the  far  side  of  the  chamber,  F*om  camera  No.  2,  the  front, 
at  point  B,  has  just  passed  the  peak  excursion  point  and  has  just 
appeared  on  the  near  side  of  the  camera.  As  the  front  moves  on  to 
position  C,  it  appears  on  the  far  3ide  of  the  chamber  to  camera  No.  1, 
and  at  the  second  peak  excursion  point  to  camera  No,  2.  Thus,  the 
front  is  shown  to  propagate  circumferentially  around  the  chamber. 

The  period  of  most  intense  luminosity  was  found  to  coincide 
with  the  peak.  1  pres sure  excursion  measured  at  the  chamber  wall.  The 
aone  of  this  intense  luminosity  has  been  defined  as  that  of  the 
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front  location,  A  typical  pressure  trace  token  during  a  severe 
single  front  instability  la  shown  In  Figure  9.  Thin  record,  which 
was  token  os  tho  jropellant  vnlve  bogina  to  close,  indicates  there 
ia  no  true  "step-function"  pressure  rise  with  tho  possogo  of  the 
front.  Howevor,  the  tongontiol  front  propagates  at  volocities  up 
to  Koch  3  with  respect  to  the  chamber  wall  and  behavos  like  a 
detonation  front  in  many  respects. 


B.  DISTRIBUTION  OF  TANGENTIAL  FRONT  IN  CHAMBER 


The  chape  of  the  tangontial  front  hes  been  determined 
with  the  aid  of  slit-window  photographs  taken  through  ell  three 
dimensions  of  the  chamber.  The  radial  and  axial  records  taken  with 
the  split  chamber  end  injector  were  combined  with  previous  work 
utilizing  a  chamber  containing  a  circumferential  window.  Of  course, 
similar  test  conditions  were  used  for  the  two  chamber  designs,  so 
that  comparisons  could  be  made. 

The  axial  distribution  of  the  front  is  illustrated  in 
Figure  10  for  a  continuous,  single-front  instability.  Notice  that 
only  a  portion  of  the  front  i3  parallel  to  the  axis  of  the  chamber 
end  that  the  luminosity  level  is  higher  in  this  area  than  over  the 
rest  of  the  window  length.  The  major  portion  of  the  energy  release 
takes  piece  in  this  zone,  which  for  this  test  condition  extends 
approximately  3.5  to  4.0  in.  from  the  injector  fece.  The  axial 
penetration  of  the  liquid-propellant  streams  during  1  cycle  of  the 
front  is  less  than  the  axial  depth  of  the  high-energy  zone.  Assuming 
the  velocity  of  the  liquid  stream  remains  constant,  the  fuel  will 
have  penetrated  0.62  in.  into  the  chamber,  and  the  acid  0.27  in. 
during  the  cycle  period. 

Downstream  of  the  high-energy  zone,  the  front  is  not 
parallel  to  the  axis  of  the  chamber,  and  the  nozzle  end  of  the  front 
lags  behind  the  injector  end.  A  reflection  of  the  front  extends 
from  the  entrance  of  the  nozzle  back  toward  the  injector.  All 
portions  of  the  front  maintain  the  same  cyclic  relationships,  which 
would  indicate  a  cyclic  propagation  in  the  zone  viewed  through  the 
window. 


There  are  no  discernible  fluctuations  in  the  axial  move¬ 
ment  of  the  chamber  gases  upon  passage  of  the  front,  although  it  is 
possible  that  the  photographic  resolution  is  too  poor  to  reveal  any 
3uch  motion.  The  calculated  chamber  gas  velocity  at  the  nozzle  ent¬ 
rance  during  stable  combustion  is  only  Mach  0.04  or  140  fps. 

If  the  axial  window  record  is  considered  separately,  a 
question  might  arise  as  to  whether  the  sloping  front  is  actually 
caused  by  a  wave  which  is  moving  axially  through  the  chamber.  The 
axial  velocity  for  such  a  wave,  computed  from  the  slope  of  the 
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"tail",  would  bo  approximately  8700  fps ,  whereas  tho  uonol  velocity 
of  an axial  front  existing  during  thin  tyfo  of  combustion  system 
seldom  exceeds  on  average  of  4500  fps.  In  nny  event,  en  axial 
front  system  could  rot  produce  tho  circunforcntiol  distribution  of 
light  obtoined  in  the  rediol  and  circumferential-window  photographs. 


If  it  is  ossumed  that  the  velocity  of  the  front  is 
dependent  upon  the  energy  available  fer  consumption  in  the  front,  the 
proportion  velocities  downstream  of  the  high  energy  zone  should  be 


les3  then  that  within 
be  constructed: 


Injector 
Face 


the  zone.  Therefore,  tho  following  model  may 


where 


v  =  dx/dt 


v,  = 


v,  = 


dx 

dt  cos  » 


V  cos  w 
a  T 


v  - 


v,_  = 


'b 

dx 


(1) 


front  velocity  in  high  energy 
zone 

front  velocity  of  "tail” 

distance  of  front  propagation  in 
time,  dt 


The  high  energy  portion  of  the  front  shown  in  Figure  10 
has  a  velocity  of  6900  fps  while  the  "tail"  velocity  is  6883  fps. 

This  latter  velocity  is  based  upon  the  difference  in  velocities 
between  the  front  in  the  high  energy  zone  und  the  "tail,"  which  can 
be  calculated  accurately  from  Equation  (l).  Of  course,  the  error 
in  absolute  front  velocity  con  be  larger  than  the  calculated 
differences  in  propagation  velocity  as  obtoined  fromthe  relative 
slope  of  the  front  in  axial  window  records,  Houever,  the  differences 
in  fronh  propagation  velocity  can  be  measured  within  o  few  feet 
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per  second. 

The  light  pattern  shown  in  Figure  11  W8S  produced  by  a 
slit-window  photograph  across  a  diameter  of  the  injector.  The  dork 
strip  in  the  center  of  the  photograph  was  caused  by  the  propellant 
valve,  which  was  mounted  off-center  to  expose  the  window  to  within 
2.7  in.  of  the  chamber  centerline.  The  front  appears  alternately 
on  one  side  of  the  chamber  end  then  the  other.  The  greetest 
luminosity  occurs  near  the  chamber  wall  at  the  time  the  front  arrives, 
even  though  this  area  emits  relatively  little  light  during  stable 
combustion  or  between  front  arrivals.  This  supports  the  belief  that 
the  front  is  concentrated  near  the  chamber  wall  in  these  test 
chambers  in  which  the  propellant  injection  is  in  a  3-in.  wide 
annulus  and  where  the  wall  curvature  continually  forces  a  change 
in  the  front  direction.  The  record  in  Figure  11  was  taken  when 
the  propellant  valve  was  partially  closed  end  the  propellant  flow 
reduced  so  that  most  of  the  background  light  from  combustion  ua3 
removed.  Notice  the  sudden  emission  of  light  upon  arrival  of  the 
front,  and  that  the  distribution  of  the  front  is  radially  Inward 
toward  the  center  of  the  chamber.  Distinct  luminosity  streaks, 
showing  radial  motion  of  the  chamber  gese3,  appear  between  the 
fronts • 


A  redial-vindow  record  taken  during  full  propellant  flow 
is  shown  in  Figure  12,  in  which  the  method  of  determining  the  radial 
movement  of  chamber  gases  is  given.  Unfortunately,  considerable 
detail  is  obscured  in  the  reprinting  process,  and  the  luminosity 
streaks  are  not  seen  as  well  as  in  the  original  negative. 

A  typical  circumferential-window  view  of  a  tangential 
instability  is  shown  in  Figure  8.  The  luminosity  streaks  betveen  the 
front  arrivals  are  easily  discerned.  A  detailed  discussion  of  this 
type  of  record  has  been  given  previously  in  References  2  and  3. 

C.  CHAMBER-GAS  MOTION  AND  PRESSURE  DISTRIBUTION 

An  analysis  of  the  records  taken  from  the  slit-window 
experiments  has  yielded  a  picture  of  the  chember-gas-velocity 
distribution  and  pressure  profile  for  a  segmental  element  of  the 
chamber  rear  the  injector  face.  Figure  13  indicates  what  is  believed 
to  take  place  during  a  continuous,  single-front  instability  of  the 
tangential  mode.  Before  discussing  the  diagram,  the  methods  upon 
which  these  conclusions  have  been  made  will  be  set  forth. 

Several  assumptions  have  been  made,  as  follows: 

1.  The  luminous  3treaks  which  appear  between  front 
arrivals  and  through  the  fronts  themselves  represent  the  velocity  of 
luminous  particles.  There  is  some  evidence  that  this  assumption  may 
be  valid.  Investigators  at  NAA  Rocketayne  have  found  that  the 
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luminosity  streaks  from  on  axial  window  record  have  the  same  velocity 
as  the  chamber  gecos  (Reference  4)»  Tho  irovemont  of  tho  chamber-gas 
was  established  by  the  difference  in  velocity  of  an  exiel  rode  front 
as  it  traveled  bo  tween  the  injector  and  the  nozzle. 

2.  The  front  velocity  is  constant,  and  each  cycle  i3 

tho  same. 

3.  Any  exiel  movement  of  tho  chamber  gases  plcya  an 
insignificant  pert  in  the  in3tibility  process.  It  13  believed  that 
there  is  little  axial  movement  of  chamber  gases  induced  by  the 
passage  of  the  front,  because  the  pressure  fluctuations  along  any 
axial  elerent  of  the  charter  ere  small.  Thu3,  a  thin,  circular 
segment  of  the  chamber  will  be  studied. 

4.  The  circumferential  vectors  and  velocities  of  the 
gas  movement  are  the  sere  along  any  radius  of  the  chamber.  Thi3 
seems  reasonable,'  as  very  little  crossing  of  the  luminosity  streaks 
can  be  found.  As  to  the  depth  into  the  chember  which  can  be  seen, 
it  should  be  noted  thet  the  front  is  discernible  on  the  far  side  of 
the  chamber. 

From  the  radial  and  circumferential  records,  a  plot  of 
the  chamber  gas  velocities  and  the  resultant  vectors  may  be  con¬ 
structed  for  any  given  instart  of  time.  Because  the  front  is  moving 
at  a  constant  velocity  end  each  cycle  is  the  seme  as  the  next  cycle, 
the  phenomena  observed  through  the  slit  windows  during  one  cycle 
period  will  be  identical  with  the  phenomena  occurring  throughout 
the  chamber  at  any  given  instent.  The  segment  of  the  chamber  to  be 
considered  is  within  the  high-energy  release  zone  and  parallel  to 
the  injector  face.  The  redial  and  circumferential  velocities  from 
the  film  records  were  resolved  into  a  resultant  vector  velocity 
for  every  part  of  the  cycle.  A  plot  of  these  velocities  and  the 
vector  angles  is  given  in  Figure  14. 

m 

When  the  vectors  are  drawn  in  a  cross-sectional  chember 
segment,  a  diagram  such  as  that  shown  in  Figure  13  emerges.  Around 
the  chember  segment  are  polar  plots  of  the  gas-velocity  magnitude 
and  the  pressure  profile  as  measured  at  the  chamber  wall.  It  is 
interesting  to  note  that  there  is  an  abrupt  movement  of  the  chamber 
gases,  radially  outward,  just  prior  to  the  arrival  of  the  front. 

One  of  the  most  significant  points  revealed  by  the  diagram  is  that 
in  the  typical  test  considered,  the  chamber  gases  never  travel 
across  the  injector  face  at  less  than  800  fps,  and  even  reach 
velocities  as  high  as  2450  fps.  Yet,  the  pressure  profile  and  front 
velocity  of  6860  fps  are  considered  to  be  of  medium  strength. 

Stronger  fronts  in  this  size  of  chamber,  in  which  acid-JF4  propellants 
were  used,  have  traveled  in  the  neighborhood  of  7500  fps.  With  such 
high-velocity  gas  movement,  the  atomisation  and  the  heat-transfer 
input  to  the  liquid-propellant  streams  become  very  effective  or.d  can 
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account  for  t to  exceedingly  abort  time  required  for  tho  preparation 
of  a  mlxod-ord-hor tod  combustible  irodia,  Of  course,  those 
velocities  can  also  partially  account  for  tho  high  rates  ot  which 
heat  is  transferred  to  tho  chamber  walls  during  this  typo  of 
combustion  instability. 

D.  GAS-PARTICLE  PATH 

To  obtain  a  better  picture  of  tho  tangential  instability 
phenonenon,  tho  path  of  a  gas  particle  waa  calculated  during  one 
revolution  of  tho  front  around  tho  combustion  chamber.  Tho  particle 
mass  would  be  that  of  the  particles  which  cause  the  luminosity 
streaks  on  tho  film  records.  Figure  15  shows  the  estimated  path  of 
a  porticle  existing  in  the  front  system  previously  considered,  end 
the  method  used  to  derive  the  path  is  discussed  below. 

Tho  motion  of  e  particle  from  one  position  to  mother  wa3 
set  forth  by  the  diagram  shown  immediately  below. 
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where 


P  =  angular  position  of  front 
6  =  angular  position  of  particle 

r  =  radial  position  of  particle 
a  =  vector  direction  of  particle  motion 
ds  =  distance  particle  moves  in  time 
increment,  dt 

d©  =  change  in  angular  position  in 
time,  dt 

dr  =  change  in  radial  position  in  time,  dt 
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do  =  vdt 


dr  =  ds  cos  a  =  vdt  coo  a 
rd©  =  ds  sin  a  =  vdt  sin  a 

'  v  =  particle  velocity 


(2) 

(3) 

(4) 


An  exemim  tion  of  the  phenomena  taking  place  in  the 
chamber  reveals  that  the  particle  vector  angle,  a,  is  dependent 
upon  the  relative  position  of  the  particle  ond  the  front.  The 
particle  velocity,  v,  is  established  when  the  angle  a  is  ascertained; 


Integration  gives: 


where 


r  =  fv  cos  a  dt 
€  =  J sin  a  dt 
v  =  f  (a) 


a  =  f  (p  -  ©) 
©  =/wfdt 


(5) 

(6) 


where 


Wj,  =  angular  velocity  of  ftont 
t  =  time  elapsed  when  $  =  0 


The  above  equations  for  the  particle  position,  expressed 
in  terms  of  r  end  ©,  were  solved  by  summation  over  relatively  small 
time  increments.  The  curves  which  represent  the  gas  velocity  and 
vector  direction,  with  respect  to  the  front  position,  are  generally 
non-linear  end  the  time  increments  used  were  smallest  in  the  areas 
of  greatest  curvature.  The  solution  was  made  In  two  parts,  as 
determined  by  the  sign  of  cos  a,  which  determines  whether  r  is 
increasing  or  decreasing. 

For  increasing  values  of  r,  a  veries  from  0  to  90°  and 
from  270  to  360  : 


CONFIDENTIAL 


Pickford,  Rill. " 

CONFIDENTIAL 


but 

By  substitution 


r  +  Ar  =  As  cos  a  + 

.  .  „  A3  sin  a 

sin  A  ©  =  - 

r 


sin  A  © 
ton  A  0 


r  +  Ar  = 


As  (co3  a  + 
=  v  (cos  a  + 


sin  a 
ten  A 
sin  a 
tan  A  6 


)  At 


(7) 


(8) 


then 


If  eech  incremental  position  of  r  is  assigned  e  subscript 
r,  =  r  +  Ar, 


r2  =  ri  +  to 2 


-  r  +  Ar,  +  Ar_ 

O  JL 


r  =  r  +  Ar,  +  Ar_  +  .  .  .  +  Ar 
n  o  1  2  n 


n 


=  r  +  Ar 

0  hi 


where 


r  =  initial  radial  position  of 
o  ,  * 

particle 


Thus 

Substituting  Equation  8 


r  -  r  ,  +  Ar 
n  n-1  n 


/  .  sin  a 

T  t°os  a  + 


)  At 


where 


A0  =  ere  sin  (■ 


v  sin  a 


)  At 


n-1 


v  =  f 


(a)  -Jh)2  +  (v  )2 


(9) 
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=  f  (n 

-e) 

r 

r-1 

n-1 

=  f 

/  vt.  At 

-n  a® 

> 

'0  - 

n=0 

docrecairig  values  of  r,  a  vnrioo  frorr.  90°  to  270°: 


ten  A©  = 
sin  A©  = 


AS  sin  a 


r  -  AS  cos  a 
AS  sin  a 


r  -  Ar 


/  *  \  tan  A6 

r  -  Ar  =  (r  -  As  cos  a) 


r  =  r  ,  +  Ar 
n  n-1  n 


.  ..v  tan  At) 

=  (r  _  -  v  cos  a  At;  n 

n-1 


sin  A© 


n 


, «  v  sin  a  At 

A©  =  Ere  tan  - - ~~~~T  ~  ,7 

n  r  ,  -  v  cos  a  At 


n-1 

v  =  f  (a) 

=  [(vr)2  +  (v/]  = 
a  =  f  (p  -  ©) 


=  f 


Xn-1  n-1 

W-,  At  -  A© 
f  n=0 


(10) 
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The  initial  conditions  wore  chosen  with  tho  particle  1  in. 
from  tho  chamber  wall  and  with  the  f article  and  front  at  the  same 
angular  position  in  the  charter.  Tho  path  of  tho  } article  woo  then 
calculated  during  the  time  tho  front  revolved  around  the  chamber. 

Tho  last  calculation  woo  nido  when  the- front  and  particle  locations 
again  coincided  during  the  second  revolution  of  tho  front.  Because 
all  errors  ore  accumulative  and  are  curried  through  to  the  lb3t 
calculation,  care  was  used  to  achieve  reasonable  accuracy.  The 
computations  of  the  angular  positions  worn  carried  out  to  0.0C1  of 
a  degree  and  the  radial  locations  to  0.001  in. 

The  particlo  path  is  illustrated  in  Figure  15  which  shows 
a  portion  of  the  segmental  chairiber  section  used  in  Figure  13. 

At  Position  1,  the  front  and  the  perticle  under  con¬ 
sideration  have  the  sane  angular  position.  As  tho  front  passes  by, 
the  perticle  is  accelerated  in  the  serre  direction  as  tho  front 
movement.  However,  the  sudden  release  of  combustion  gose3,  after 
the  front,  causes  the  particle  to  be  deflected  toward  the  center  of 
the  chamber.  By  the  time  the  front  has  revolved  180°  around  the 
chamber,  the  particle  is  traveling  jn  e  direction  opposite  to  its 
original  path  and  begins  to  move  radially  outward  and  toward  it3 
initial  angular  position.  The  particle  velocity  i3  lowest  during 
this  period.  Prior  to  the  arrival  of  the  frort,  the  perticle  is 
again  accelerated  circumferentially  in  the  direction  of  the  front, 
which  passes  the  particle  fer  the  second  time  at  Position  5. 

For  the  calculations  determining  the  particle  path,  the 
circumferential  velocity  component  of  the  gas  rover.ent  was  assumed 
to  be  the  same  along  any  radius  at  a  given  time.  This  assumption 
may  entail  less  error  than  would  initially  be  supposed,  as  an 
examination  of  the  velocity  vectors  in  Figure  13  indicates  that  a 
similar  flow  direction  prevails  within  the  chamber  in  most  places. 
Thus,  there  are  not  likely  to  be  many  large  velocity  gradients 
along  any  given  radii,  except  during  the  very  high  velocities  which 
are  associated  with  the  front  arrival  tnd  passage.  At  this  time, 
the  perticle  is  closest  to  the  wall,  and  the  observed  velocities 
are  subject  to  the  least  error. 

E.  PEC HA NISH  OF  THE  TANGENTIAL  FRONT 

The  tangential  mode  of  combustion  instability  is  composed 
of  three  major  phases:  (l)  preparation  of  the  front  supporting  media, 
(2)  accumulation  and  distribution  of  the  supporting  media,  and  (3) 
combustion  and  release  of  the  stored  energy  upon  arrival  of  the  front. 
The  first  phase  is  composed  of  injection  of  new  propellants,  mixing, 
and  heating.  The  second  phase  begins  when  enough  time  has  elapsed 
to  form  a  front-supporting  medium,  and  ends  upon  arrival  of  the  front. 
The  third  phase  of  the  instability  cycle  occurs  when  the  front  arrives 
and  the  available  energy  is  released,  thus  aiding  in  the  propagation 

CONFIDENTIAL 


CONFIDENTIAL 


Pick ford,  Ellin 


of  the  front.  The  processes  involved  in  the  throe  phones  um 
depondont  upon  eoch  other  and  can  become  quite  coupler  in  their 
relationships. 

Before  the  discussion  i3  continued,  the  various  terms 
that  hove  been  used  will  be  defined. 

1.  A  tangential  front  results  when  the  release  of 
chemical  energy  in  the  combustion  chamber  takes  place  in  a  manner 
that  causes  a  circumferential  propagation  of  a  high  intensity, 
luminous  region  or.d  pressure  front. 

2.  A  supporting  medium  is  on  explosive  mixture  in 
which  the  energy  ccrtent  and  availability  are  sufficient  to  propagate 
a  tangential  front. 

3.  Minimum  propellant  preparation  time  i3  the  minimum 
tire  required  to  form  a  supporting  medium,  os  measured  from  the 
moment  a  tengentinl  front  passes  through  the  area  under  consideration. 

4.  Auto-ignition  is  the  spontaneous  ignition  of  a 
supporting  medium.  Auto-ignition  as  defined  must  automatically 
result  in  a  tangential  front  83  it  occurs  in  a  supporting  medium. 

5.  Auto-ignition  time  i3  the  propellant  preparation 
time  required  for  the  spontaneous  development  of  a  tangential 
front  through  auto-ignition  of  a  supporting  medium  as  measured  from 
the  moment  a  tangential  front  passes  through  the  area  under  con¬ 
sideration. 

The  character  of  the  tangential  front  car.  be  discussed, 
with  these  definitions  in  mind,  by  examining  the  phenomena  from  a 
given  point  on  the  chamber  wall  rear  the  injector  face.  As  the  front 
roves  by,  the  immediate  area  is  subjected  to  high  pressures  and 
temperatures,  but  meanwhile,  the  injection  of  new  propellants 
continues.  As  these  liquids  enter  into  the  combustion  chamber,  they 
are  atomized,  mixed  and  vaporized  at  a  much  higher  rite  than  during 
stable  combustion,  for  the  large  mass  of  combustion  products  released 
by  the  front  is  now  sweeping  across  the  injector  face  at  velocities 
that  may  be  as  high  as  2400  ft  per  sec.  Soon,  the  energy  added 
satisfies  the  requirements  for  the  minimum  preparation  time,  and  a 
supporting  medium  is  formed.  Assuming  the  wave  completes  one  cycle 
at  this  moment,  and  again  pcsses  the  point  in  question,  a  continuous 
cyclic  process  would  result.  A  simple  block  diagram  of  this 
condition  is  illustrated  in  System  (a)  of  Figurs  16. 

If  the  wave  takes  longer  than  the  minimum  propellant 
preparation  time  to  make  one  revolution,  more  chemical  energy  will 
have  beer  stored  and*  prepared  for  release,  and  the  front  becomes 
stronger,  as  indicated  in  System  (b)  of  Figure  16.  To  extend  the 
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cycle  period  further  would  eventually  cause  the  wave  to  arrive  at 
the  Ins  tint  the  supporting  medium  rondos'  the  point  of  auto-lgnltlon* 
Under  this  condition,  it  i3  boliovod  that  the  energy  roleaso  tire  is 
the  shortest  tnd  the  eriergy  available  for  roloace  the  groo tost,  with 
the  result  that  the  front  reaches  it3  maximum  destructive  power. 

The  offect  of  again  increasing  the  tiro  for  the  front  to 
make  one  revolution  is  to  allow  euto-ignitlon  at  the  point  of 
observation,  before  the  front  arrives.  Thus,  a  now  front  is  created, 
ard  tho  old  front  arrives  at  o  tire  whan  them  i3  little  energy 
available,  which  results  in  its  attenuation  and  demise  (see  System 
(c)  of  Figuro  16).  Further  extension  of  tho  front  cycle  period 
would  allow  two  waves  to  exist,  each  under  conditions  similar  to 
those  for  the  first  front  type  discussed  (System  (d)  of  Figure  16. 

The  above  interpretation  of  the  combustion  phenomena  for 
the  tangential  front  was  derived  from  the  study  of  data  taker  under 
various  test  conditions.  A  continuous  spectrum  of  tho  wave  forms 
shown  in  Figure  16  is  given  in  the  diagram  in  Figure  17.  In  applying 
this  concept  to  actual  thrus t-chamber-hardware  performance,  the 
factors  affecting  the  absolute  cycle  time  must  be  taken  into  con¬ 
sideration.  These  factors  include  thruct-chember  circumference, 
variations  of  the  minimum  propellant  preparation  time  (a3  effected 
by  injector  patterns),  chemical  properties,  and  the  fact  that  the 
front  does  not  necessarily  travel  at  a  constant  velocity. 


To  date,  the  tangential  wave  phenomena  recorded  can  be 
correlated,  as  illustrated  in  Figure  17.  In  the  right-hand  diagram, 
time  has  been  chosen  as  the  abscissa,  and  is  used  in  the  relative 
sense  only.  The  heavy  line  slanting  downward  and  to  the  right 
represents  one  cycle  period  as  measured  from  the  "Yn  axis  along  any 
ordinate.  This  cycle  period  is  basically  simple  for  uniform 
conditions,  representing  the  time  required  for  the  front  moving  at 
a  velocity  v  to  make  a  circuit  of  the  chamber,  a  distance,  T®, 


where 

T  =  cycle  period  (sec) 
v=  front  velocity  (ft  per  sec) 
D  =  thrust  chamber  diameter  (ft) 


(11) 


However,  in  actual  conditions,  the  front  velocity,  v >  is 
a  complex  variable.  In  general,  it  can  be  ssic  that,  the  greater  the 
amount  of  energy  released  in  the  front,  the  higher  the  front 
temperature  and  velocity.  The  front  has  a  characteristic  of  rapid 
response  to  the  nature  of  the  media  through  which  it  passes.  If  the 
nature  of  the  media  at  the  time  the  front  passes  through  the  region 
is'  described  as  a  function  of  the  position  around  the  combustion 
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chamber, 
wit  ten 


where 

R  =  combustion  chamber  radius  (ft)  end  is  e  constant 

V  =  front  velocity  (ft/sec),  o  variable  considored  £3 
o  function  of  p 

p  =  angular  position  of  front  e round  chamber  (rad) 

The  mechanism  in  preparing  the  front-supporting  media 
from  the  liquid  fuel  end  oxidizer  that  ere  injected  should  now  be 
discussed  in  greater  detail.  For  simplicity,  it  is  assumed  that  the 
front  consumes  all  of  the  propellant  in  the  region  through  which  it 
passes.  The  production  of  the  front-supporting  media  appears  to  be 
controlled  lergely  by  the  nature  of  the  preceding  front,  as  it 
passes  through  the  volume  element  of  the  combustion  chamber  under 
consideration,  end  as  long  an  the  gases  produced  in  the  front  sweep 
across  that  region.  The  ga3e3  released  by  the  chemical  combustion 
reaction  in  the  front  con  provide  a  source  of  heat  for  raising  the 
temperature  end  vaporizing  the  liquid  propellants,  that  are  injected, 
as  well  as  furnishing  the  kinetic  energy  required  to  atomize,  trans¬ 
port,  and  mix  the  propellant  components  so  os  to  produce  a  supporting 
medium. 


p,  h  mo ro  exact  formula  for  the  cycle  period  can  Lo 


A  suggested  rein tionship  between  the  rate  of  the  injected 
liquid  propellent  being  converted  into  mixed  gaseous  media  from  a 
finite  element  of  injection,  as  a  function  of  time  after  the 
pessage  of  a  front,  is  shown  in  Figure  18.  Immediately  after  the 
injection  stream  element  has  left  the  injector  face,  no  front 
supporting  gaseous  media  can  be  formed  from  its  contents  in  e  bi- 
propellant  system  as  no  mixing  has  been  immediately  accomplished. 
Assuming  some  vapor  is  immediately  available  at  the  instant  of 
injection  the  initial  mixing  will  begin  after  a  time  period,  "a" 


(13) 


where 


a  =  time  period  (sec) 

S  =  distance  between  bi-propellant  injection  streams  (in.) 

Vg=  component  of  gas  velocity  between  injection  stream 
points  (ft  per  sec) 


When  the  time  period,  ban  elapsed,  mixing  begins,  end  the  rate 
would  be  expected  to  increase  in  some  manner  with  respect  to  time. 
After  a  portion  of  tho  injection  stream  elements  had  been  mixed,  the 
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rate  would  logics lly  be  expected  to  fell  off  in  some  manner,  possibly 
of  the  general  nature  of  a  log-decrement  approaching  zero  os  a  limit. 
To  evaluate  thia  rate  versi.3  tine  relationship,  tho  effect  of 
nurrcroua  factors  must  be  considered,  including  the  injection  3tream 
atomization,  hooting  end  vaporization,  the  initial  characteristics 
of  the  hot-gos  croaa  flow  (such  t-a  me  as  velocity  and  tomperature), 

63  well  ea  the  transport  of  atomized  liquid  and  vepors  at  various 
rttea.  Consideration  of  these  processes  loads  to  the  construction 
of  tho  relationship  shown  in  Figure  19.  It  is  expected  that  mono- 
propellents  would  begin  to  produce  a  supporting  medium  immediately, 
aa  the  transport  or.d  mixing  required  of  bi-propellant  systems  ia  not 
present.  This  is  sho-wr.  by  the  dashed  line  (A)  where  the  rate  of 
production  of  c  gaseous  monopropellbnt  may  be  presumed  to  be  largely 
effectod  by  the  heat-transfer  rate  into  the  injection  sproy.  Some 
types  of  injection  spray  (such  as  e  fine  atomizetion)  will  probably 
show  a  higher  production  rate  of  supporting  media  than  coarser  spray 
types.  After  the  peok  production  rete  is  reached,  the  decline  will 
probebly  be  fester,  end  will  become  zero  sooner  for  the  ir.onoj  ropel- 
lant  then  for  e  bi-propellant,  where  the  mixing  of  widely  separated 
components  is  an  important  fcctor. 

In  contrast,  a  bi-propellent  showerheed  injector  stream 
would  have  a  finite  time,  "a,"  before  any  front  supporting  media 
would  be  produced,  and  the  production  rate  would  depend  upon  such 
factors  as  the  jet  diameter,  injection  velocity,  etc.  A  liquid- 
phase-mixing  injector  (such  as  ah  unlike  pair  or  a  two-on-one)  could 
be  expected  to  give  a  different  type  of  curve.  If  the  impingement 
length  were  long  enough,  the  showerheed  curve  would  be  approached; 
for  zero  impingement  length,  the  monopropellent  curve  would  be 
approached.  For  a  short  impingement  length,  there  would  be  a  reduced 
time,  "a,”  before  eny  supporting  media  would  be  produced,  followed  by 
a  rapid  rise  in  the  production  rate,  depending  upon  the  fineness  of 
atomization  end  the  heat-transfer  input.  This  would  be  followed  by 
a  decline,  largely  controlled  by  the  mixing  of  sept  rated  quantities 
bf  fuel  and  oxidizer.  The  amount  of  supporting  media  produced  from 
each  element  of  an  injection  jet  stream  is  a  function  of  the  total 
time  of  exposure. 

w  ~f  6  €  dt  (14) 

m  / 


where 


W  =  amount  of  front  supporting  media  produced  from 
injection  stream  element 

€  =  production  rate  of  supporting  media  as  a  f (t) 
t  =  total  time  of  exposure  for  any  given  element 

0  • .  *•  vu  •?  ■  &  <  ■■ 
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Tho  integration  of  tho  production  rote  of  the  supporting 
media  function  in  Equation  (14)  givos  the  total  amount  of  the 
supporting  medio  derived  from  an  elonent  of  .  tho  injected  propollnnt 
otroom.  A  summation  of  these  integrated  amounts,  for  ell  tho 
olomonts  in  on  injoction  stream  for  tho  tiro  period  between  fronts, 
will  give  the  amount  of  supporting  nedio  available  for  the  front. 

These  injection-stream  elerenta  (An  or  dm)  oro  distributed 
along  the  longth  of  the  stream  paretrotion.  The  following  3un notion 
may  be  made: 


l  =  o 


where 

U  =  amount  of  supporting  media  produced  from  an  injection 
stream  during  the  time  between  fronts 
Am  or  dm  =  elemental  portion  of  injection  stream  under 
consideration 

1  =  axial  distance  along  injection  stream  path 

lp  =  maximum  axial  penetration  of  stream  during  time 
between  fronts 


The  limit  of  this  summation  becomes 


dtdm 


(16) 


To  make  this  a  more  useful  parameter  of  the  energy 
available  for  immediate  release  in  the  front,  it  can  be  converted 
into  the  terms  of  the  amount  of  supporting  media  per  unit  of  volume. 
The  volume  concerned  will  be  bounded  by  the  area  of  the  injector- 
face  pattern  sector  associated  with  the  injection  stream  element 
integration  in  Equation  (15),  and  of  the  injection  penetration 
axially  into  the  combustion  chamber,  lp. 


Vol  =  AA  1 


(17) 


The  simplified  assumption  would  be  a  uniform  distribution  of  the 
supporting  media  in  this  volume.  This  condition  is  probably  non¬ 
existent,  but  may  be  approached  as  the  degree  of  turbulence  in  the 
gas  flow  increases.  For  the  case  of  uniform  distribution 

-  JLI—  ^  dtdm 


W  = 
m 


AA  1 


(18) 


parameter. 


Where  1  is  short,  this  may  be  found  to  be  a  suitable 
Where  is  long,  the  distribution  along  1  may  be 
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significant,  and  thus  warrant  consideration.  Figure  20  presents 
curve o  to  3how  these  points. 

From  the  preceding  discussion  of  the  preparation  of  a 
front-supporting  medium,  a  significant  parameter  appears,  namely, 
the  period  of  time  elapsing  between  the  passage  of  a  front  and  the 
minimum  preparation  of  new  media  that  will  support  a  second  tan¬ 
gential  front.  This  parameter  is  represented  on  the  tangential 
front  model  diagram  (Figure  17)  as  the  vertical  dashed  line  to  the 
right  of  the  zero-time  line.  As  tine  is  relative  in  this  diagram, 
the  minimum  propellant-preparation  timo  i3  constant  relative  to  the 
increasing  cycle  time,  which  is  indicated  by  the  heavy  cycle-period 
line  slanting  to  the  right.  An  important  consideration  is  the 
relationship  between  those  two,  the  minimum  propellant-preparation 
time  (KEPT)  and  the  cycle  period,  as  this  can  be  expressed  in  terms 
of  the  angular  position  of  the  front  in  the  combustion  chamber  in 
relation  to  the  point  under  consideration  after  the  minimum 
propellant-preparation  time  has  elapsed.  A  diagram  of  this  is  shown 
in  Figure  21.  The  distance  the  front  has  gone  around  the  circum¬ 
ference  is 


where 

D  =  distance  traveled  (ft) 

V£.  =  front  velocity  (ft/sec)  which  can  be  a  variable 
t  =  time,  sec 

The  angular  position  of  the  front  is  obtained  by  dividing  D  by  the 
radius,  R,  of  the  combustion  chamber,  giving 


where  p  =  angle  front  travel  (rsd) 

R  =  combustion  chamber  radius  (ft) 

The  difference  between  the  position  of  the  front  and  the  point  under 
consideration  at  the  time  a  supporting  m.edis  is  forced  at  the  point 
hes  been  termed  the  ’’lead  angle,”  and  is 

0=2 n-p  (21) 

It  can  be  aeon  that,  ih  the  regions  where 

1,  0.is  positive,  supporting  media  can  be  present,  and 
conditions^ are  favorable*  for  the  continuous  propagation  of  a  front 


CONFIDENTIAL 


225 


Pick  ford,  fillln 


2.  0  Is  less  then  zero,  supporting  me din  will  not  bo  present 

end,  therefore,  no  energy  in  vvi liable  for  tho  continued  propagation 
of  tho  front.  .  •  ./ 

This  leods  to  a  statement  of  one  stability  condition: 

"When  0  is  negative,  and  remains  continuously  negative 
for  all  positions  around  the  c i reunf orer co  of  the  chamber,  the 
tangential  front  canrot  exi3t."  This'  condition  i3  represented  by 
the  plot  in  Figure  22a.  Thi3  is  tho  top  region  in  the  diagram  in 
Figure  17,  end  is  exemplified  by  the  3trip  film  Sample  0. 

When  0  is  zero,  a  continuous  single  front  can  be  supported 
and  e3  the  amount  of  energy  available  for  release  in  tho  front  is  at 
a  minimum,  the  front  will  be  relatively  slow  and  weak.  This  cond¬ 
ition  is  represented  by  the  plot  in  22b,  and  by  the  strip-film 
Semple  2  in  Figure  17. 

Experimentally,  a  front  hes  been  encountered  that  cen  be 
explained  by  a  lead  angle  0,  which  varies  from  less  than  zero  to 
positive  and  back  in  a  cyclic  manner,  /.n  example  is  shown  in  strip- 
film  Sample  No.  1  in  Figure  17.  This  strip  of  film  shows  a  strong, 
fast  front  charging  into  a  weaker,  slower,  more  diffuse  front,  and 
at  a  later  time,  regaining  its  strength  and  speed,  only  to  revert 
to  the  slower  front  again  in  a  cyclic  manner.  It  is  postulated  in 
this  case  that  when  the  strorg  front  completes  a  circuit  of  the 
chamber,  it  arrives  before  the  minimum,  propellant  preparation  time 
hss  elapsed  (negative  0),  and  therefore  attenuates  and  slows  down. 
However,  before  it  attenuates  to  the  extent  that  the  front  disappears 
it  enters  a  region  where  the  minimum  propellent  preparation  time  has 
elepsed.  At  this  position  in  the  chamber,  0  becomes  positive,  er.d 
the  front  becomes  strong  end  fast  once  more.  A  diagram  of  this 
condition  showing  a  two-revolution  cycle  is  presented  in  Figure  22c. 
This  phenomenon  may  explain  the  "subhsrm.onics"  encountered  by 
several  observers  utilizing  electronic  gouges.  These  strong  fronts 
and  associated  peak  pressures  come  at  appreciably  longer  time 
intervals  (and  hence,  lower  frequencies)  then  that  associated  with 
a  continuous  front.  While  it  is  not  necessarily  at  half  the 
frequency  of  a  continuous  tangential  front,  specific  instances  can 
be  at  half  of  some  presumed  natural  acoustic  frequency,  and  thereby 
create  the  condition  of  a  "subhermonic." 

As  the  relative  cycle  time  becomes  progressively  greater 
than  the  minimum  propellant  preparation  time  (increasing  positive 
0),  more  energy  is  released  in  the  front,  resulting  in  a  stronger 
end  faster  front.  Examples  of  this  are  shown  by  the  progression  in 
strip  film  Samples  2  through  5  in  Figure  17,  which  show  progressively 
faster  fronts  with  increasing  concentration  of  the  luminosity  in  the 
front This  trend  is  followed  until  the  cycle  period  reaches  the 
auto- ign.it ion  time. 
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Tho  auto-ignition  time  la  represented  by  the  r.ocond 
vertical  lino  in  tho  d i o shown  in  Figuro  17.  thin  ] honori.er.on  Id 
ore  often  encountered  in  diesel  and  Otto-cycle  J n torna 1-cort.bua  t  ion 
engines.  From  the  previous  discussion  of  the  prej  tiro  ti on  mechanism 
of  the  front  supporting  media,  it  con  be  soon  that,  in  irony  con¬ 
ditions,  hooting  cor.  continue  until  on  auto-igni tion  temperature  i3 
r cached •  VJhon  thin  occurs,  in  a  oupporting  n odium,  a  combustion 
Trent  forms.  In  addition,  when  the  cyclo  period  la  greater  than  the 
auto-ignition  time,  a  change  in  the  chart c tor  of  the  front  ia  noted. 

The  strip  film  Sample  6  in  Figure  17  shows  cn  example 
in  v/hich  the  cycle  period  i3  slightly  longer  than  the  auto-ignition 
timo,  and  the  formation  of  an  auto-ignition  front  precodea  the 
arrival  of  the  original  front  by  a  small  time  poriod.  When  these 
time  periods  are  short  enough,  and  in  close  proximity  of  each  other, 
the  effect  on  propellant  injection  and  tho  subsequent  preparation  of 
b  now  supporting  medium  is  similar  to  that  of  a  single  front.  Thi3 
condition  has  been  termed  a  ,rpre-ignited  front.'*  Thus  the  0  angle 
is  increased  to  the  extent  that,  before  the  front  completes  the 
circuit  to  the  point  under  consideration,  auto-ignition  occurs  at 
that  location.  The  angle  between  the  position  of  the  front  ond  the 
point  (at  the  instant  of  auto-ignition  atthe  point)  has  been  termed 
the  or  angle.  The  auto-ignition  front  becomes  separate  and  distinct 
from  the  initial  front.  Tho  strip  film  Sample  7  in  Figure  17  shows 
an  example  of  the  above  condition.  This  phenomenon  is  discussed  in 
the  rext  section. 


As  the  cycle  period  becomes  still  longer,  relative  to  the 
minimum  propellant  preparation  time,  a  point  is  reached  where 


(22) 


It  may  be  seen  that  the  time  for  a  front  to  make  one-half  a 
revolution  in  the  chamber  equals  the  minimum  propellant  preparation 
time.  When  this  condition  is  reached,  two  identical  continuous 
fronts  can  be  supported  as  shown  in  strip-film  Sample  Ko.  8  in 
Figure  17.  Figure  23  represents  the  condition  when  the  fronts  have 
maximum  strength,  with  the  auto-ignition  time  coinciding  with  the 
arrival  of  the  front. 


F.  TIE  DISCONTINUOUS  DOUELE  FRONT 

The  discontinuous  front  system  is  considered  separately 
as  this  type  of  instability  is  frequently  encountered,  particularly 
in  larger  diameter  chambers.  Tangential  instabilities  which  occur 
as  a  result  of  perturbations  in  the  combustion  process  are  believed 
to  be  of  a  complex  multiple  front  nature  in  the  initial  stages. 
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Many  of  those  fronts  nro  discontinuous.  Tho. following  discu33ion 
deals  with  a  simple  6 lscon  11  riuotn  front  system  which  never  involves 
more  than  two  fronts  in  the  chamber  at  a  given  time. 

A  circumforentisl-window  photogroph  of  a  discontinuous 
double  front  is  shown  in  Figure  24.  The  fronts  fro  marked  by  the 
white  lines,  which  are  solid  when  the  front  io  on  the  neor  side  of 
the  chamber  and  broken  when  the  front  is  on  the  far  aide  of  the 
chamber.  It  will  be  notsd  that,  when  a  new  front  in  born,  the 
existing  front  die3  out  whan  it  reechos  the  birth  point.  The  time 
which  hes  elapsed  after  the  pessuge  of  the  new  front  i3  insufficient 
to  create  a  supporting  media j  thuo,  there  i3  not  enough  energy 
evailcble  for  the  originul  front  when  it  arrives  in  this  area.  The 
birth  point  of  the  new  fronts  i3  not  always  located  at  the  same 
point  in  tho  chamber.  This  may  be  attributed  to  the  movement  of 
high-velocity  gases  carrying  a  supporting  medium  into  the  non¬ 
supporting  zone  and  to  a  changing  angular  relationship  between  the 
new  and  old  fronts.  A  difference  in  angular  position  of  the  fronts 
will  affect  the  time  when  the  next  front  is  born.  In  Figure  24, 
the  birth  point.  A,  appears  to  shift  over  the  bottom  rear  quadrant 
of  the  chamber. 

A  diagram  of  an  idealized,  double,  discontinuous  front 
Is  shown  in  Figure  25.  This  cyclic  relationship  wa3  first  proposed 
in  Reference  3»  and  it  closely  follows  the  actual  front  mechanism 
of  Figure  24.  At  a  random  instant  (shown  in  Interval  A  of  Figure 
25),  a  front  (F^)  is  progressing  in  a  counter-clockwise  direction 

with  a  positive  0  angle,  represented  by  the  preceding  shaded  sector. 
An  attenuating  front  (F0)  is  just  disappearing  in  the  form  of  a 
shock  front  in  a  region  where  the  supporting  medium  has  been 
exhausted  by  the  preceding  front  (Fp),  and  insufficient  time  has 
passed  to  allow  the  formation  of  new  supporting  media.  The  medium 
at  Position  a  is  always  the  one  that  has  progressed  the  most  in  the . 
state  of  preparation.  At  a  slightly  later  time  (diagrammed  in 
Interval  C  of  Figure  25),  the  preparation  of  front  supporting  media 
has  progressed  sufficiently  to  cause  auto-ignition,  end  a  new  Front 
(*2)  i3  born.  Each  new  front  must  propagate  in  a  counter-clockwise 
direction,  as  supporting  media  are  not  present  immediately  clockwise 
to  the  front.  At  a  later  interval,  Front  F^  approaches  Point  a 
(see  Interval  D  of  Figure  2.5)  and  attenuates  end  disappears  in  the 
same  manner  as  did  Front  F0  which  preceded  it  (interval  E  of 
Figure  25).  In  the  meantime,  F2  has  been  progressing  in  a  normal 
manner.  Sometime  after  Fp  has  passed  by  Foint  a,  the  minimum 
propellant-preparation  time (after  the  passage  of  F2)  is  reached, 
resulting  in  the  appearance  of  supporting  media  which  are 
progressively  increasing  in  extent  as  Foint  b  advances  until  auto- 
ignition  once  more  occurs,  resulting  in  tho  introduction  of  Front  F3, 
as  shown  in  Interval  F  of  Figure  25. 
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G.  SCALING  CONSIDERATIONS 

Tho  ir.odo  of  the  tongentiel  front  3ystom  is  dependent  upon 
chamber  diameter.  To  ascertain  whether  the  front  system  would  behave 
as  predicted  by  the  tongontlal-modo  diagram  shown  in  Figure  17, 
tests  were  conducted  in  15,  22  l/2,  and  30-in.  din.  chcmbers.  This 
diagram  indicates  that,  as  tho  cycle  period  becomes  longer  with 
respect  to  tho  minimum  propellant  preparation  time,  more  complex 
front  systems  are  allowed  to  propagate  in  tho  chamber.  Tho  cycle 
period  was  varied  by  tho  use  of  different  chamber  diameters.  . 

Relative  changes  in  preparation  time  were  minimized  by  using  identical 
injector  elements  and  similar  operating  conditions,  such  as  chamber 
pressure,  mixture  ratio,  and  injection  velocities.  A  comparison  of 
circumferential-window  photographs  for  the  three  chambers  i3  given 
in  Figure  26.  In  all  chambers,  the  instability  can  be  divided 
into  two  parts,  a  transition  period  and  a  "steady-state"  period. 

The  predominance  of  the  transition  period  varies  greatly  for 
different  thrust-chamber  conditions. 

When  the  tangential  instability  was  initiated  for  a 
particular  set  of  conditions  in  the  15-ir..-dia  chamber,  a  continuous 
single  front  resulted.  The  transition  period  lasted  for  approxi¬ 
mately  25  millisec  before  one  of  the  stronger  fronts  predominated 
and  emerged  as  a  continuous  wave.  This  instability  was  of 
intermediate  strength  er.d  would  fall  about  where  film  strip  No.  3 
is  located  on  the  model  diagram  of  Figure  17. 

Under  similar  test  conditions,  a  continuous  single  front 
also  developed  in  the  22  l/2-in-dia  chamber.  The  front  velocity  was 
found  to  be  slightly  higher  thor.  that  of  the  15-in.-dia  chamber  and 
thu3  the  front  was  considered  to  be  stronger.  The  transition 
period  was  nearly  trebled,  extending  for  approximately  70  millisec. 
During  this  time, a  prounounced  discontinuous-front  system  revolved 
around  the  chamber  in  one  direction,  while  a  weaker  multiple-front 
system  appeared  at  intervals,  revolving  in  the  opposite  direction. 
Eventually,  the  weaker  front  system  attenuated  and  a  continuous 
single  front  instability  developed  as  shown  in  Figure  26.  The 
transitional  period  of  the  weaker  front  system  was  composed  of  six 
fronts  equally  spaced  around  the  chamber.  Apparently,  these  fronts 
can  exist  because  the  cycle  period  has  been  increased  and,  thus, 
energy  is  available  for  front  propagation  during  a  greater  part  of 
the  cycle.  Also,  it  is  believed  that  these  very  weak  fronts  do  not 
combust  all  of  the  energy  available,  which  allows  them  to  propagate 
in  close  proximity  to  each  other.  As  the  dominant  discontinuous 
front  gains  strength  and  leaves  less  energy  for  the  weaker  fronts, 
the  whole  system  transforms  into  a  continuous-front  phenomenon.  The 
increase  in  cycle  period,  with  respect  to  the  minimum  propellent- 
preparation  time,  was  not  enough  to  shift  the  mode  type  into  the 
double,  discontinuous  region. 
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When  the  chamber  diameter  uns  increased  to  30  in., a 
continuous-front  ayutom  was  not  attained.  There  was  a  long  transi¬ 
tional  period  during  which  it  is  difficult  to  analyze  what  was  taking 
place.  Once  the  steady-state  instability  condition  had  boon  ranched* 
a  discontinuous  system  developed,  in  which  it  appoom  that  countar- 
revolving  fronts  were  ulvays  prosent.  The  front  velocity  givon  in 
Figure  26  for  this  chamber  was  measured  over  1/2  cycle  on  one  of  the 
more  predominant  fronts. 

It  is  interesting  to  note  that,  despite  the  large 
differences  in  chcmbor  diameter,  the  front  velocities  ore  approxi¬ 
mately  the  some,  ‘Whon  the  cycle  poriod  is  increased  in  a  given 
injection  3y3tem,  more  energy  is  allowed  to  accumulate  between 
front  arrivals.  However,  if  this  additional  energy  is  not  reflected 
in  a  stronger  front,  it  is  possible  that  it  is  distributed  further 
from  the  injector  ftce  in  such  manner  that  thore  is  little  chcnge  in 
the  energy  per  unit  volume.  Such  pn  extension  of  the  high-energy 
zone  from  the  injector  ftce  would  mean  that  the  front  velocity  would 
be  approximately  the  some,  although  its  active  zone  would  be 
exterded  for  a  greater  axiel  distance.  Of  course,  if  the  cycle 
period  is  increased  enough,  auto-ignition  occurs  and  a  different 
front  system  will  develop,  as  illustrated  by  the  30  in.-dia  record 
in  Figure  26. 

An  increase  in  chamber  pressure  and  the  resulting  increase 
in  the  density  of  the  chamber  gas  cause  greater  atomization  of  the 
liquid  propellants  sr.d  higher  evaporation  rates*  The  minimum 
propellant-preparation  time  would  then  decrease,  and  the  instability 
system  should  move  toward  the  more  complex  front  system  shown  in  the 
model  diagram.  Figure  17.  Thus,  a  chamber-pressure  increase  of 
180  psi  in  the  22-1/2  -in.-dia  motor  caused  the  continuous,  single¬ 
front  system  to  charge  into  a  discontinuous,  double-front  system.  A 
definite  change  in  the  instability  of  the  30-in. -dia  chamber  was  also 
noted  when  the  chamber  pressure  was  increased  from  238  to  343  psia. 
The  counter-revolving  fronts  at  the  lower  pressure  were  changed  to 
a  strong,  discontinuous,  multiple-front  system.  There  appears  to 
be  a  cyclic  front  which  at  times  behaves  like  a  discontinuous, 
double-front  system.  Other  weak  fronts  appear  at  random  intervals 
between  the  strorger  fronts.  In  the  15-in. -dia  chamber,  a  pressure 
increase  from  210  to  3&5  psia  did  not  change  the  preparation  time 
enough  to  shift  the  front  system  out  of  the  continuous,  single-front 
region. 
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As  the  chamber  diameter  increases  with  respect  to  the 
minimum  propellant  preparation  time,  it  wa3  found  that  a  continuous 
double  front  may  not  develop.  Apparently,  in  larger  chambers  this 
front  systom  might  be  rejected  in  favor  of  a  discontinuous, 
multiple-front  system  which  owes  a  part  of  its  existence  to  the  fact 
that  weak  fronts  do  not  combust  all  of  the  available  energy. 
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H.  COIICLUSIOIJS  • 

Tho  investigation  of  tho  tangential  mode  of  hi gh-f roquo n cy 
combustion  instability  has  revealed  many  characteristics  of  tho 
phenomenon,  including  various  mode  types  end  physical  processes.  A 
brief  aur.ir.fit ion  of  the  major  conclusions  and  results  from  tho 
investigation  includes  the  following: 

1.  A  model  diagram,  Figure  17,  of  tho  tangential 
instability  hoo  beer,  constructed  v/hieh  depicts  tho  mujor  modes 
encountered. 

2.  Tho  suggested  physical-process  mechanism  for 
supporting  fully  devolcpcd  tangential  instabilities  i3  harmonious 
with  noted  effects,  including  those  of  chamber  diareter  and 
combustion  pressure. 

3.  Tho  radial  and  axial  distribution  of  the  tangential 
front  in  the  experimental  chcmfcer  has  been  defined. 

4*  The  motion  and  pressure  distribution  cf  tho  chamber 
gas  during  a  sir.gle-front  tangential  instability  have  been  outlined 
(Figure  13)  for  an  experimental  thrust  chamber. 

5.  The  estimated  path  of  a  luminous  particle  has  been 
defined  during  t  sir.gle-front  tangential  instability  occurring  in  an 
experimental  thrust  chamber,  Figure  15. 

6.  The  physical  processes  established  and  the  testing 
techniques  developed  in  the  experimental  investigation  car.  be 
applied  to  large-scale  thrust-chamber  development  problems 
(Reference  5) . 
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A  = 

D  = 

KPPT  = 
P  = 

R  = 

S  = 

T  = 

W  = 


symbols 

Area  of  injector  faco  pattern 
Combustion  chamber  diameter,  ft. 

Minima  propellant  preparation  time,  3ec 
Fresaure,  psia 

Combustion  chamber  rcdiuo,  ft 
Distance  between  bi -propel] ant  streams,  in. 
Cycle  period,  sec 
Weight  or  mass,  lb 


■B 

1 

r 

3 

t 

V 


Time  per3od,  sec 

Axial  distance  along  injection  stream  path,  in. 

Padiel  position  of  particle  in  combustion  chamber,  in. 
Length  of  particle  path,  ft 
Time,  sec 
Velocity,  ft/sec 


a 

P 

A 

e 

e 

0 

Y 

w 


Vector  direction  of  particle  motion,  deg 

Angular  position,  of  front  in  conibustion  chamber,  deg  or  rad 

Finite  change  of  a  property  or  position 

Production  rate  of  supporting  media 

A-ngular  position  of  particle  in  combustion  chamber,  deg 
"Lead  angle"  or  angle  ahead  of  front  to  the  point  where 
supporting  medium  is  just  appearing,  deg 
Difference  in  direction  of  front  propagation,  deg 
Angular  velocity  of  front.,  rsd/sec 


SUBSCRIPTS 


a 

eve 

b 


e 


f 

g 

m 

n 

F 

o 


1 

2 


High  energy  portion  of  front 
Average 

"Tail"  of  front 

Exposure 

Front 

Gas  or  vapor 

Supporting  media  or  elemental  portion  of  injection  stream 

Fosition  at  increment  change 

Maximum  penetration 

Initial  position  or  condition 

Position  at  first  increment  change 

Fosition  at  second  increment  change 
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15"  PI  A.  ''PUT  THRUST  CHAMBPR  INSTALLATION' 

figure:  3 
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CIRCUMFERENTIAL  PROPAGATION  OF  SINGLE  FRONT  TANGENTIAL 
INSTABILITY  AS  SHOWN  BY  SIMULTANEOUS  SLIT  WINDOW  PHOTOGRAPHS 


FIGURE  8 
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RADIAL  MOVEMENT  OF  CHAMBER  GASES 
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FIGURE  13 
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GASSES  IN  AXIAL  SEGMENT  OF  CHAMBER 
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FIGURE  17 
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PRODUCTION  RATE  OF  SUPPORTING  MEDIA 
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FACTORS  WHICH  INFLUENCE  THE  SUITABILITY  OF  LIQUID 
PROPELLANTS  AS  ROCKET  MOTOR  REGENERATIVE  COOLANTS 1 


D.  R.  Bartz 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California 


ABSTRACT 

A  brief  review  of  methods  of  utilizing  liquid  propellants 
as  rocket -motor  coolants  is  given,  and  criteria  for  acceptable  cooling 
are  established.  Methods  of  analytical  and  experimental  determination 
of  the  pertinent  heat-transfer  characteristics  of  propellants  are 
described.  The  measured  maximum  rates  at  which  liquid  ammonia  can 
satisfactorily  accept  heat  are  presented  to  show  typical  trends  with 
variations  of  fluid  pressure,  temperature,  and  velocity.  Measured 
maximum  rates  for  several  propellants  are  compared  with  predictions 
of  heat  fluxes  from  the  combustion  gases  of  these  propellants  when 
producing  the  same  thrust  in  a  hypothetical  rocket  motor.  From  this 
comparison,  an  insight  into  the  importance  of  various  propellant 
properties  and  operating  conditions  is  gained. 


I.  INTRODUCTION 

A  major  problem  confronting  the  designers  of  long-duration 
liquid-propellant  rocket  systems  is  designing  motor  walls  compatible 
with  the  extreme  temperatures  resulting  from  the  combustion.  Three 
methods  for  achieving  the  desired  resistance  to  the  high  temperatures 
are  in  common  use.  They  are  refractory  liners,  regenerative  cooling, 
and  film  or  transpiration  cooling.  Of  the  three,  regenerative  cooling 
is  most  commonly  utilized  in  propulsion  systems  currently  in  production 


This  paper  represents  the  results  of  one  phase  of  research 
carried  out  at  the  Jet  Propulsion  Laboratory,  California  Institute 
of  Technology,  under  Contract  No.  DA-Ok-495-ORD  l8,  sponsored  by  the 
Department  of  the  Army,  Ordnance  Corps. 
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or  development.-  Remunerative  cooling  la  accomplished  by  f loving  one 
or  both  propellant.-:  through  motor-wall  coolant  passages  on  their  way 
from  the  propellant  tanka  to  the  injector.  Ihe  mLaaile  performance 
penalty  of  regenerative  cooling  ia  the  additional  turbo-pump  weight 
and  power  consumption  or  additional  gaa  pressurization  required  to 
overcome  the  coolant  paanage  preoaure  drop.  In  order  to  select  the 
method  beat  suited  for  a  contemplated  design,  thia  penalty  rauat  be 
compared  with  the  additional  dead  weight  and  fabricatlonal  difficulties 
aaaociated  with  refractory  liners  and  with  the  penalty  of  additional 
propellant  conaumption  associated  with  film  or  transpiration  cooling. 

The  limitationa  of  each  of  theae  methoda  are  such  that  for  extremely 
high  performance  motors,  optimal  combinations  of  all  three  methods 
may  be  necessary.  The  purpose  of  this  paper  ia  to  present  and  to 
discuss  the  factors  which  determine  the  suitability  of  a  given  pro¬ 
pellant  as  the  coolant  for  a  completely  regeneratively  cooled  motor. 

The  criterion  for  adequate  cooling  is  3imply  that  the 
coolant  flow  must  maintain  the  walls  of  the  motor  at  temperatures 
above  which  failure  might  occur  due  to  melting  and/or  stress.  For 
metals  commonly  used  for  rocket  motor  walls,  such  as  stainless  steel, 
nickel,  inconel,  or  mild  steel,  the  limiting  combustion  side  surface 
temperature  is  in  the  region  from  1500  to  2000°F.  Thus,  with  combustion 
temperatures  from  3000  to  8000°F,  resultant  differences  between  the 
free -stream  gas  temperature  and  the  wall  temperature  are  from  1500  to 
6000°F.  The  consequence  of  such  high  driving  potentials  are  heat 
fluxes  to  the  wall,  which,  in  units  of  Btu/in2  sec,  range  from  about  1 
to  20.  Such  fluxes  are  orders  of  magnitude  higher  than  encountered  in 
conventional  heat  exchange  equipment  and  even  significantly  higher 
than  encountered  in  most  nuclear  reactors. 

These  levels  of  heat  flux  in  conjunction  with  conditions 
of  coolant  velocity,  temperature,  and  pressure  are  such  that,  over 
most  of  the  cooled  surface,  heat  is  transferred  by  boiling  when  the 
pressure  of  the  system  is  below  the  critical  pressure  of  the  coolant. 
Some  coolants,  however,  are  necessarily  operated  at  pressures  above 
their  critical  pressure;  hence,  both  the  boiling  and  super  critical 
heat-transfer  characteristics  of  a  wide  variety  of  liquids  are  of 
interest  in  connection  with  rocket -motor  regenerative -cooling  appli¬ 
cations.  A  qualitative  description  of  the  characteristics  of  the 
various  pertinent  regimes  of  heat  transfer  and  methods  utilised  for 
theoretical  and  experimental  evaluation  of  these  characteristics  will 
serve  to  define  terms  and  to  introduce  the  problems  involved.  Such 
descriptions  are  best  illustrated  by  a  plot  of  heat  flux  as  a  function 
of  wall  temperature  for  constant  pressure,  bulk  temperature,  and 
velocity  (Fig.  l). 

Considering  first  a  liquid  at  a  pressure  below  its  critical 
pressure,  and  a  bulk  temperature  well  below  its  saturation  temperature, 
the  line  segment  A-B  represents  the  range  of  heat  fluxes  which  can  be 
sustained  without  boiling.  The  wall  temperature  at  B  exceeds  the 
saturation  temperature  by  anywhere  from  10  to  100°F,  which  constitutes 
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superheating  of  the  liquid.  At  heat  fluxes  slightly  higher  thrin  B,  a 
few  bubbles  are  formed  fit  favored  nucleatlon  spots  on  the  hot  wall, 
and  they  grow  rapidly  out  Into  the  cold  liquid  strenm.  They  continue 
to  grow  until  condensation  at  the  cold  liquid  surface  begins  to  exceed 
the  rate  of  vaporization  at  the  base  of  the  bubble,  whereupon  the 
bubbles  begin  to  collapse.  The  inertia  of  the  fluid  following  the 
collapsing  bubble  is  responsible  for  completely  collapsing  the  bubble. 
This  process,  which  occurs  at  exceedingly  high  frequencies,  Is  called 
nucleate  or  surface  boiling.  As  still  higher  heat  fluxes  are 
encountered  in  the  region  B-C,  an  increasing  number  of  nucleatlon 
sitea  are  brought  into  play,  thus  increasing  the  bubble  population. 

This  is  accomplished  with  only  slight  increases  in  wall  temperature. 

The  resulting  increase  in  heat -transfer  coefficient  represented  by 
the  near  vertical  part  of  the  curve  (B-C)  is  believed  by  many, 
although  not  unanimously  (see  Ref.  l),  to  be  the  result  of  increasing 
turbulent  mixing  or  stirring  created  by  the  growth  and  collapse  of 
the  bubbles.  Unfortunately,  this  favorable  situation  has  a  limit. 

At  this  limit  C,  a  slight  increase  in  the  heat  flux  leads  to  such  a 
dense  bubble  population  that  the  bubbles  coalesce  into  a  vapor  film 
with  an  attendant  large  decrease  in  heat  transfer  coefficient.  The 
resulting  shift  in  wall  temperature,  C-D,  is  for  many  liquids  so  high 
that  failure  of  commonly  employed  metal  surfaces  occurs.  Hence,  thi3 
transition  from  nucleate  to  film  boiling  has  been  used  synonymously 
with  the  term  "burnout."  However,  for  many  other  liquids,  notably 
light  hydrocarbons  and  alcohols,  the  temperature  at  D  is  not  much 
above  1000°F,  and  failure  does  not  occur.  Thus,  the  term  "burnout" 
becomes  misleading.  To  avoid  this  difficulty,  point  C  shall  be 
referred  to  as  the  upper  limit  of  nucleate  boiling  with  the  symbol 
qu/-  At  heat  fluxes  above  C,  even  for  liquids  which  do  not  cause 
failure,  the  wall  temperature  increases  rapidly  with  increases  in  heat 
flux  (D-E)  so  that  for  practical  purposes  the  value  of  the  heat  flux 
at  the  upper  limit  of  nucleate  boiling  must  be  used  as  the  design  limit 
for  regenerative  cooling  systems. 

The  picture  for  supercritical  pressure  liquids  is  much 
simpler.  Since  no  boiling  can  occur,  the  wall  temperature  increases 
monotonically  with  increasing  heat  flux  (F-G),  the  heat  transfer 
coefficient  remaining  essentially  constant  until  the  wall  temperature 
reaches  the  critical  temperature.  At  higher  heat  fluxes  (G-H),  the 
heat  is  transferred  through  a  gas  layer  adjacent  to  the  hot  wall, 
resulting  in  somewhat  lower  heat-transfer  coefficients.  Failure 
temperatures  are  usually  reached  at  much  lower  heat  fluxes  when  a 
liquid  is  operated  above  its  critical  pressure  than  when  operated 
below  its  critical  pressure. 
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II.  DETERMINATION  OF  HEAT  TRANSFER  CHAHACTKRTGTICO 


A.  AnulytLcal  Methods 

The  relationship  between  heat  flux  and  wall  temperature, 
l.o. ,  the  heat  transfer  coeff icicnts,  in  the  nonboiling,  subcritlcal 
temperature  regions  of  both  subcritlcal  nnd  supercritical  pressure 
liquids  (A-B  and  F-G  of  Fig.  l)  can  be  predicted  with  sufficient 
accuracy  for  design  purposes  by  the  Sicder-Tate  equation  (see  Ref.  2). 
The  data  for  a  wide  variety  of  liquid  propellants  have  been  well 
correlated  by  thi3  equation.  It  has  successfully  predicted  the  effects 
of  pressure,  velocity,  and  bulk  temperature.  The  principal  difficulty 
in  applying  this  equation  to  new  propellant3  is  the  need  of  values  of 
the  transport  properties,  viscosity  and  thermal  conductivity.  They 
generally  cannot  be  predicted  from  theory.  While  measurement  of 
viscosity  is  a  rather  simple  laboratory  procedure,  measurement  of 
thermal  conductivity  of  liquids  is  considerably  more  difficult. 


The  point  at  which  boiling  is  initiated  (B  of  Fig.  l) 
can  usually  be  predicted  to  within  about  50°F  if  the  relation  between 
saturation  temperature  and  pressure  is  known  for  the  liquid.  The 
amount  of  superheat  for  most  liquids  is  from  10  to  100°F,  the  higher 
values  corresponding  to  higher  liquid  velocities  although  no  general 
correlation  is  known.  For  design  purposes,  it  is  sufficiently  accurate 
to  assume  the  wall  temperature  at  the  inception  of  nucleate  boiling  is 
50°F  above  saturation  temperature.  It  should  be  noted  that  bulk 
temperature  has  only  a  second -order  effect  on  superheat.  Saturation 
temperature  curves  for  most  pure  liquids  are  given  in  the  literature. 
Low  pressure  data  are  best  extrapolated  by  plotting  log  p  versus 
reciprocal  of  absolute  temperature.  For  many  multicomponent  liquid 
mixtures,  especially  those  which  decompose  at  elevated  temperatures, 
the  saturation  temperatures  (or  more  properly  the  bubble -point 
temperatures)  are  not  known  and,  hence,  must  be  measured. 


The  slope  of  the  heat  flux  versus  wall  temperature  curve 
in  nucleate  boiling  (B-C  of  Fig.  l)  is  not  correlated  for  various 
liquids  except  that  it  is  generally  steeper  than  the  third  power  of 
the  difference  between  wall  temperature  and  saturation  temperature. 
Fortunately,  this  defines  the  wall  temperatures  within  about  100°F 
over  the  range  of  heat  fluxes  covered  by  nucleate  boiling  of  most 
liquids.  It  should  be  noted  that  the  position  of  the  boiling  line  is 
independent  of  either  velocity  or  bulk  temperature  except  through 
second-order  effects  on  superheat  which  are  probably  less  than  20  or 
30°F  in  most  instances. 

The  determination  of  the  characteristic  curve  up  into 
nucleate  boiling  is  thus  possible  from  the  considerations  mentioned, 
but  this  is  not  of  much  utility  in  predicting  the  limitations  of  the 
liquid  as  a  regenerative  coolant.  This  is  because  the  resulting  wall 
temperatures  in  nucleate  boiling  are,  for. most  liquids,  well  below 
limiting  temperatures  for  successful  cooling.  The  real  limitation  from 
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u,  practical  view  point  is  the  heat  1‘lux  ut  the  upper  limit  of  nucleate 
boiling,  ‘lul/  since  at  heat  fluxes  above  this  level,  the  wall 
temperatures  are  generally  beyond  the  limit  for  successful  cooling. 
Unfortunately,  this  limiting  heat  flux  cannot  bo  predicted  as  yet 
from  knowledge  of  a  liquid's  physical  or  transport  properties.  This 
is  still  the  unfulfilled  goal  of  a  great  deal  of  boiling  heat  transfer 
research  throughout  the  world.  Definite  progress  hns  been  made  toward 
this  goal  in  recent  year3  through  considerations  of  the  dynamics  of 
bubble  growth  and  collapse  (see  Refs.  1,  3 >  and  4). 

The  shift  in  wall  temperature  (C-D  of  Fig.  l),  the  heat 
transfer  coefficients  in  film  boiling  (D-E  of  Fig.  1),  and  the  heat 
transfer  coefficients  in  the  region  near  the  critical  temperature 
(G  of  Fig.  l)  arc  also  unpredictable  from  fluid  properties  with 
reasonable  accuracy.  Prediction  of  the  first  two  characteristics  is 
not  particularly  essential  if  qu^  is  considered  to  be  the  limitation* 
However,  predictions  of  the  supercritical  heat  transfer  coefficients 
are  essential  since  they  determine  the  design  limitation  directly  for 
some  coolants.  Such  predictions  are  particularly  difficult  near  the 
critical  temperature  because  of  unusual  variations  of  fluid  properties 
with  temperature. 


B .  Experimental  Methods 

In  order  to  determine  the  heat -transfer  characteristics  of 
propellants  that  cannot  be  predicted  by  analytical  means,  a  number  of 
experimental  programs  have  been  conducted  by  various  organizations  on 
a  variety  of  liquid  propellants.  An  index  of  references  to  these 
data,  including  ranges  of  variables  investigated  and  types  of  data 
reported,  is  given  in  Table  I. 

Most  of  these  data  were  obtained  by  flowing  the  propellant 
through  electrically  heated  tubes  or  annuli  at  velocities,  pressures, 
and  bulk  temperatures  common  to  rocket  motor  cooling  passages. 
Generation  of  heat  by  use  of  the  tube  wall  as  a  resistance  element 
was  found  to  be  the  most  practical  means  of  achieving  and  controlling 
the  level  of  heat  fluxes  required.  Measurements  required  for 
determination  of  the  desired  heat-transfer  characteristics  are  power 
consumption  for  computation  of  heat  flux,  flow  rate,  inlet  and  outlet 
pressures  and  temperatures,  and  tube -wall  temperatures.  Because  the 
hydraulic  diameters  of  most  rocket  motor  coolant  passages,  even  up  to 
very  large  scale,  are  between  l/8  and  l/2  inch,  tests  made  with  tubes 
and  annuli  in  this  range  of  sizes  suffer  nothing  in  scaling. 
Fortunately,  from  an  experimental  standpoint,  it  is  not  necessary  to 
scale  channel  length  for  boiling  heat  transfer  measurements,  since 
uniform  heat  transfer  conditions  are  established  very  close  to  the 
entrance  -of  a  forced  velocity  boiling  system.  Tubes  and  annuli  of  10 
to  20  diameters  in  length  are  commonly  used  for  such  measurements .  A 
necessary,  but  complicating  part  of  some  of  these  experimental 
investigations,  has  been  measurements  of  such  adverse  effects  as 
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deposition  of  solids  on  the  heated  wall,  deeompoa l  tLon  of  the  liquid, 
and  corrosion. 

C.  Typical  Results  of  Experimental  Investigations 

Since  there  la  rather  complete  experimental  confirmation 
of  the  methods  described  for  predicting  the  nonboiling  curve,  the 
inception  of  nucleate  boiling  and  the  vail  temperatures  in  nucleate 
boiling,  the  most  significant  results  of  experimental  investigations 
are  values  of  quj,  as  a  function  of  the  three  system  variables: 
pressure,  bulk  temperature,  and  velocity.  Although,  as  mentioned,  no 
general  correlation  of  this  quantity  has  been  achieved,  certain  trends 
have  been  fairly  well  established.  These  trends  are  well  represented 
by  data  recently  obtained  by  Noel  for  anhydrous  liquid  ammonia 
(see  Ref.  15). 

1.  Effect  of  pressure  on  qu£:  It  has  been  found  that 
maximum  values  of  qu£  are  obtained  at  pressures  which  are  about  0.4 
to  0.6,  the  liquid  critical  pressure  for  given  constant  bulk 
temperatures  and  velocities.  The  curve  usually  slopes  quite  gently  on 
both  sides  of  the  peak.  The  maximum  value  for  qu£  for  ammonia  at 
60°F  was  obtained  at  a  pressure  of  about  850  psi  or  about  52$  of 
critical  pressure  (Fig.  2). 

2.  Effect  of  bulk  temperature  on  quj:  It  has  been  found 
that  values  of  quJf  decrease  with  increasing  bulk,  temperature,  reaching 
a  near-zero  value  at  saturation  temperature.  (The  only  exceptions  to 
this  trend  have  been  observed  at  bulk  temperatures  less  than  about 
40°F,  where  it  is  believed  that  viscous  effects  begin  to  control  the 
boiling  mechanism;  see  Refs.  5  and  16) .  For  some  liquids,  the  decrease 
is  nearly  linear  with  bulk  temperature;  for  others,  the  values  of  quj| 
are  greater  than  for  a  linear  decrease.  The  data  for  ammonia  (Fig.  3). 
exhibit  this  latter  trend.  Several  correlations,  notably  for  water, 
(Refs.  23  and  24)  have  successfully  made  use  of  a  correlation  variable 
called  subcooling,  which  is  the  difference  between  saturation 
temperature  and  bulk  temperature.  For  such  correlations,  quj)  decreases 
linearly  or  less  than  linearly  with  decreasing  subcooling. 

3.  Effect  of  velocity  on  qu£:  The  qu£  data  for  ammonia 
plotted  for  constant  pressure  and  various  bulk  temperatures  in  Figure  4 
show  trends  with  increasing  velocity,  which  are  typical  of  several 
propellants  investigated.  The  values  of  quj>  increase  linearly  with 
velocity  from  zero-velocity-values  which  are  dependent  on  pressure  and 
bulk  temperature .  The  slope  of  the  curves  is  found  to  be  dependent  on 
subcooling  with  lower  slopes  at  lower  subcooling. 

4.  Effect  of  deposition  on  qu£t  Deposition  of  carbon  by 
JP-3  (Ref.  2l).  and  deposition  of  metallic  salts  by  fuming  nitric  acids 
(Refs.  5  and#6)  have  been  observed  to  cause  rather  rapid  increases  in 
wall  temperatures  both  with  and  without  nucleate  boiling.  The  effect 
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of  ouch  deposition  on  qu/-from  these  tests  In  not  clear,  but  the  general 
conclusion  drawn  from  the  data  of  Reference  6  in  that  it  did  not 
particularly  affect  the  values  of  qu/.  . 

III.  DEPENDENCE  OF  qu^  ON  SYCTEW  OPERATING  CONDITIONS 

Having  previously  discu33ed  the  reaaonB  for  considering 
qu^  no  the  practical  limiting  heat  flux  and  having  ahown  the  rannner 
in  which  qu^dependa  on  pressure,  bulk  temperature,  and  velocity,  It 
ia  now  of  interest  to  show  the  effect  of  the  rocket  motor  operating 
conditions  on  the  regenerative  cooling  problem. 

The  pressure  at  the  outlet  of  the  coolant  system  is 
established  by  the  combustion  pressure  and  the  injector  pressure  drop. 

It  is  not  generally  economical  to  operate  the  coolant  passage  at  any 
higher  pressure  than  necessary.  It  was  noted  that  pressure  affected 
the  value  of  qu£  only  slightly  over  the  pressure  range  from  about  0.3 
to  0.7  of  critical  pressure.  On  the  other  hand,  the  net  heat  flux 
from  the  combustion  gas  to  the  motor  wall  is  expected  to  increase  with 
pressure  to  about  the  0.8  power  (see  Ref.  25),  the  effect  of  pressure 
on  nucleate  boiling  wall  temperatures  being  of  second  order  in 
determining  the  heat  transfer  driving  potential,  (Tc-Tw). 

The  coolant  bulk  temperature  at  any  point  in  the  coolant 
passage  is  simply  the  sum  of  the  inlet  bulk  temperature  and  the 
temperature  rise  to  that  point.  The  temperature  rise  is  determined 
by  the  heat  transfer  to  the  wall,  the  coolant  flow  rate,  and  coolant 
specific  heat.  Since  the  higher  values  of  qu^  are  associated  with 
the  lower  values  of  bulk  temperature,  it  is  desirable  to  utilize  the 
largest  coolant  flow  rate  possible.  The  total  propellant  consumption 
being  fixed  operation  at  high  mixture  ratios  (o/f)  favors  cooling  with 
the  oxidizer,  and  operation  at  low  mixture  ratios  favors  cooling  with 
the  fuel.  Since  both  propellant  consumption  and  heat  flux  increase 
nearly  linearly  with  chamber  pressure,  bulk  temperature  rise  is  not 
particularly  influenced  by  changes  in  chamber  pressure.  Hence,  the 
result  is  that  bulk  temperature  rise  is  principally  dependent  on 
selection  of  motor  configuration  and  propellant  combination. 

With  pressure  and  bulk  temperature  rise  essentially 
determined  by  the  selection  of  motor  configuration,  propellant 
combination  and  combustion  pressure,  only  velocity,  of  the  three 
parameters  affecting  qu/,  is  left  for  manipulation  to  gain  cooling 
advantage.  Fortunately,  qu£  can  be  readily  increased  by  increasing 
velocity.  However,  since  total  coolant  flow  rate  is  fixed,  velocity 
can  only  be  increased  by  decreasing  the  net  flow  area  of  the  cooling 
passage.  With  axial  flow  cooling  in  thin  annular  passages,  it  is 
found  that  velocity  is  inversely  proportional  to  the  coolant  passage 
height,  t,  and  that  the  coolant  passage  pressure  drop  increases'  with 
the  third  power  of  velocity  for  turbulent  flow.  A  sample  calculation 
for  a  300  p3 1  chamber  pressure,  turbo -pumped,  ammonia -coo led  rocket 
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motor  ( summarized  in  Tuble  II ).  show::  the  cooling  advantage  and 
performance  penalty  resulting  from  doubling  the  coolant  velocities. 
While  the  calculation  In  of  necessity  not  general,  the  results  are 
conaidered  to  be  typical.  They  ahow  that  the  value  of  qu|  can  nearly 
be  doubled  for  no  little  aa  about  2$  increase  in  propellant 
consumption  (for  turbopump)  and  only  a  moderate  ’increase  in  system 
dead  weight.  Hence,  ouch  changes  ahould  receive  full  consideration 
during  preliminary  design  of  a  regenerutlvely  cooled  rocket  propulsion 
system. 


IV.  DEPENDENCE  OF  PRESSURE  DROP  ON  HEAT  TRANSFER 

Con3lderation3  of  coolant-pas3age  preacure  drop  such  as 
discussed  in  the  previous  section  require  knowledge  of  the  manner  in 
which  the  pressure  drop  varies  with  type  and  magnitude  of  heat 
transfer.  A  convenient  method  of  showing  this  variation  is  through 
the  use  of  the  ratio  of  pressure  drop  per  unit  length  with  heat 
transfer  to  that  without  heat  transfer  for  equal  bulk  temperature, 
and  mas3  flow  rate.  This  ratio  is  plotted  versus  heat  flux  in 
Figure  5  from  experimental  data  for  two  propellants,  (l)  RFNA,  and 
(2)  CORPORAL  fuel  (a  mixture  of  aniline,  furfuryl  alcohol,  and 
hydrazine).  The  results  for  RFNA  from  Reference  5  showed  that 
Ap/Apq  _  0  decreased  about  15$  over  the  heat  flux  range  from  zero  to 
the  inception  of  nucleate  boiling  (point  B  of  Fig.  5)»  This  decrease 
is  somewhat  less  than  would  be  predicted  by  the  Sieder-Tate  friction 
factor  correction  (pw/pb)°’'1'1+  which  is  usually  recommended.  Data 
presented  in  Reference  8  for  WFNA  were  correlated  with  this  viscosity 
ratio  to  the  0.12  power. 

Pressure  drop  data  measured  in  the  nonboiling  region  for 
n-butyl  alcohol  (Ref.  20)  and  the  CORPORAL  fuel  (Ref.  l6)  decreased 
with  increasing  heat  flux  to  a  much  greater  extent  than  would  be 
predicted  by  the  factor  (py/pb)1"1*1  ,  the  resultant  exponents  being  0.3 
and  0.2,  respectively.  Curve  A'B'C’  (Fig.  5)  drawn  from  data  for  the 
latter  fuel  at  100°F  bulk  temperature  shows  experimental  values  of 
the  pressure  drop  ratio  as  low  as  about  0.4  at  the  inception  of 
nucleate  boiling. 

With  heat  fluxes  increasing  into  the  nucleate  boiling 
range,  the  values  of  the  ratio  level  off,  then  increase.  Maximum 
values  of  the  pressure  drop  ratio  at  the  upper  limit  of  nucleate 
boiling  both  above  and  below  unity  have  been  observed,  depending  upon 
particular  conditions  of  bulk  temperature  and  pressure.  The  amount  of 
pressure  drop  data  measured  during  the  programs  referenced  was  in¬ 
sufficient  to  achieve  a  correlation.  Since  the  total  pressure  drop  is 
an  integration  of  friction  on  the  cool  wall  under  adiabatic  conditions 
and  on  the  hot  wall  both  with  and  without  boiling  the  general 
conclusion  drawn  from  the  data  was  that  a  calculation  based  on  the 
adiabatic  conditions  would  be  high  by  less  than  about  10$  for  the  acid 
cooling  and  25$  for  the  CORPORAL  fuel  cooling  and  hence  would  satisfy 
design  needs. 


Ui-i'l.’  O  -  ■»  *  -  t* 


267 


UNCLASSIFIED 


Bart/. 


Unfortunately,  very  little  data  on  pressure  drop  have  been 
reported  from  which  to  establish  correlations  or  draw  general 
conclusions.  'Hi is  is  partially  due  to  ttie  fact  that  pressure  drop 
measurements  must  be  made  over  short  sections  since  at  nucleate 
boiling  bout  fluxes  the  bulk  temperature  rise  per  unit  length  Is 
Unite  large.  Guch  pressure  drop  measurements  are  difficult  to  make, 
with  acceptable  accuracy.  Additional  measurements  are  definitely 
needed  to  settle  the  questions  concerning  coolant  passage  pressure 
drops. 


V.  OPERATIONAL  COMPARISON  OF  COOLING 
■CAPABILITIES  OF  SEVERAL  PROPELLANTS 


Having  discussed  various  aspects  of  the  utilisation  of 
propellants  as  regenerative  coolants,  it  i3  still  not  possible  to 
calculate  a  parameter  which  will  characterize  the  potentialities  cf  a 
particular  propellant  as  a  coolant  relative  to  other  propellants. 

This  situation  in  a  result  of  (l)  the  apparently  complex  relation 
between  qu£  and  liquid  properties  and  (2)  the  variables  which  are 
closely  related  to  the  selection  of  the  combustion  system,  motor 
configuration,  and  combustion  pressure.  Although  the  final  evaluation 
of  the  merits  of  a  particular  coolant  must  await  a  detailed  design 
analysis,  some  measure  of  comparison  between  propellants  can  be 
achieved  by  considering  several  propellants  as  potential  coolants  for 
a  hypothetical  motor  of  given  configuration,  computing  the  margin 
between  the  local  values  of  qu£  and  the  heat  flux  to  the  wall  in  a 
critical  region  such  as  the  throat. 

Such  a  comparison  was  made  using  the  propellants  listed 
in  the  first  column  of  Table  III  as  the  coolants.  The  propellants 
listed  in  the  second  column  were  considered  to  react  with  the  coolant - 
propellant  at  peak -performance  mixture  ratios  with  resulting  values 
of  c*  which  were  95$  of  theoretical  values,  based  on  equilibrium 
composition  expansion.  The  propellant  consumption  was  such  as  to 
produce  50,000  lbs  of  thrust  at  chamber  pressure  near  300  psia  with 
each  combination  burning  in  the  same  motor. 

The  pertinent  configurational  parameters  of  the  motor 
selected  were  L*  kO  inches,  throat  area  117  in^,  2:1  contraction  area 
ratio,  7:1  expansion  area  ratio,  30-degrees  contraction  half  angle, 

15 -degrees  expansion  half  angle,  throat  radius  of  curvature  equal 
to  throat  diameter.  The  motor  was  assumed  to  have  an  annular  coolant 
passage  of  height  t  which  was  constant  along  the  whole  length  of  the 
motor.  The  value  of  t  was  allowed  to  vary  from  coolant  to  coolant  so 
as  to  result  in  a  75-Psi  coolant -passage  pressure  drop  for  the 
appropriate  flow  rate  of  each  particular  coolant.  Since  the  manner  in 
which  the  friction  factor  , for  each  coolant  varies  with  heat  flux  is 
unknown,  the  adiabatic  value  was  used  for  this  comparison,  using 
values  of  viscosity  and  density  which  were  the  average  between  inlet 
and  outlet  bulk  temperatures. 
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An  inlet  bulk  temperature  of  10Q°F  wan  assumed  for  each 
of  the  coolants  except  liquid  ammonia,  which  it  was  assumed  could  be 
reduced  to  32°F  by  venting  the  tank  prior  to  flight.  'Hie  bulk 
temperature  rise  of  the  coolant  from  the  nozzle  exit  end  to  the  throat, 
and  over-all  bulk  temperature  rise  were  calculated  from  the  coolant 
flow  rate  and  specific  heat  and  heat  flux  to  the  wall  computed  with 
the  following  assumptions.  Chamber  gaa  temperatures* of  theoretical 
equilibrium  combustion  chamber  temperature  were  assumed,  the  fraction 
being  the  result  of  assuming  c*  to  be  95$  of*  its  theoretical  value. 

Wall  temperature  was  50°F  (superheat)  above  coolant  saturation 
temperature  at  410  pal,  the  average  coolant  passage  pressure.  This 
wall  temperature  results  from  assuming  the  combustion -side  wall  to 
have  negligible  thermal  resistance,  and  assuming  the  mechanism  of 
heat  transfer  along  the -whole  passage  to  be  nucleate  boiling.  The 
local  heat  flux  was  computed  by  multiplying  the  difference  between 
chamber  gas  temperature  and  wall  temperature  by  heat  transfer 
coefficients  computed  by  the  methods  of  Reference  25.  For  reasons 
discussed  in  Reference  25  and  in  Reference  26,  the  values  of  the 
computed  heat  flux  are  expected  to  be  generally  too  high  in  the 
chamber,  and  throughout  the  nozzle  as  well,  for  carbonaceous  systems 
which  deposit  carbon  on  the  gas  side  walls  during  combustion.  On  the 
other  hand,  computed  heat  flux  values  are  expected  to  be  too  low  for 
systems  burning  either  with  appreciable  dissociation  or  with  unstable 
combustion  or  both.  These  complicating  factors  cannot  be  accounted 
for  analytically  at  present,  but  it  is  believed  that  values  predicted 
on  the  basis  of  pure  convection  are  3till  useful  for  the  comparison 
of  this  report;  however,  in  drawing  specific  comparative  conclusions 
between  systems  calculated,  qualitative  allowances  should  be  made  for 
these  uncertainties. 


With  these  assumptions,  it  was  possible  to  compute  the 
values  of  pressure,  velocity,  and  bulk  temperature  of  each  coolant  at 
the  throat.  Values  of  qu£  at  these  condi t ion s,quj*,  were  computed 
and  compared  with  computed  values  of  throat  heat  flux,  q*.  These 
results  are  presented  in  Table  III  and  Figure  6. 


B.  Results 

It  is  most  significant  to  note  that  the  computed  bulk 
temperature  rise  with  CiF^  system,  is  such  that  saturation  temperature 
is  exceeded  by  the  bulk  temperature  within  the  coolant  passage,  and 
saturation  temperature  is  nearly  reached  with  the  NH3  systems. 
Successful  cooling  even  in  the  chamber  under  such  conditions  is 
extremely  unlikely  since  values  of  quj  drop  well  below  1  Btu/in^  sec 
when  bulk  temperature  reaches  saturation  temperature.  This  is  a  good 
point  at  .which  to  start  checking  a  proposed  regenerative  cooling 
design. 

Of  the  systems  calculated,  it  appears  that  the  RFNA,  the 
CORPORAL  fuel,  and  ORTA  coolants  offer  the  best  margins  for  cooling, 

UNCLASSIFIED 


the  value;;  of  qu£#  being  comfortably  above  throat  heat  f Lux  value:; . 

It  mu.it  bo  remembered  that  the  expected  throat  heat  flux  Tor  the 
JP-3--0/J  system  would  ;.robably  be  ns  much  ha  $0  to  1GG$  lower  than 
•predicted  because  of  expected  effects  of  carbon  deposition.  Hence, 
in  practice,  this  .system  would  also  have  n  satisfactory  but  very 
unpredictable  margin  for  cooling.  Systems  d,  e  and  f  were  predicted 
to  be  marginal  within  the  uncertainties  in  predictions  of  hoot  flux 
to  the  wall.  For  most  fuel-cooled  systems,  shifts  toward  lower 
mixture  ratios,  and  for  most  oxldixcr  cooled  systems,  shifts  toward 
higher  mixture  ratios,  could  be  made  to  gain  cooling  advantage  with 
only  negligible  penalties  in  performance. 

As  indicated  by  the  calculation  in  Table  II,  even  a 
coolant  with  apparently  poor  cooling  capabilities  such  as  isopropanol 
could  be  employed  successfully  if  significantly  greater  coolant 
passage  pressure  drop  is  allowed  in  order  to  increase  coolant  velocity. 

VI.  CONCLUSIONS 

From  such  calculations  and  comparisons  as  presented  in 
this'  paper,  some  general  conclusions  con  be  drawn  relative  to  liquid 
physical  and  chemical  properties  and  to  motor  operating  conditions 
which  are  favorable  for  regenerative  cooling. 

In  order  to  achieve  successful  regenerative  cooling  in  a 
rocket  motor  with  propellants  below  their  critical  temperature  and 
pressure,  sufficient  coolant  flow  must  be  provided  to  achieve  local 
values  of  the  heat  flux  at  the  upper  limit  of  nucleate  boiling  qu£ 
which,  everywhere  throughout  the  motor,  exceed  corresponding  local 
heat  fluxes  from  the  combustion  gases  to  the  wall. 

The  total  heat  rate  that  can  be  absorbed  by  a  coolant  at 
bulk  temperatures  below  saturation  temperature  is  equal  to  the  product 
of  flow  rate,  specific  heat,  and  difference  between  saturation 
temperature  and  coolant  inlet  temperature.  This  total  heat  rate  must 
be  safely  above  the  total  expected  heat -rejection  rate  from  the 
combustion  gases  to  the  motor  wall  since  values  of  qu£  decrease 
sharply  as  bulk  temperatures  approach  saturation  temperature,  becoming 
too  low  for  successful  cooling  even  back  near  the  injector.  For  this 
reason  a  high  specific  heat,  and/or  a  saturation  temperature  at  least 
about  300°F  is  desirable.  However,  higher  saturation  temperatures 
than  about  700°F  allow  vail  temperatures  to  climb  too  high  before 
being  limited  by  nucleate  boiling.  Even  this  temperature  would 
prohibit  the  use  of  aluminum  as  a  wall  material  and  would  significantly 
reduce  the  allowable  stresses  of  steel  materials. 

A  liquid  critical  pressure  such  that  coolant  passage 
pressures  are  from  about  0.3  to  0.7  of  critical  pressure  is  desirable. 
Liquids  operating  in  this  pressure  range  usually  exhibit  a  maxima  in 
values  of  quy|  for  given  velocity  and  bulk  temperature.  Fluids  which 
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must  be  used  at  preauurcu  above  their  critical  pressure  are  usually 
poorer  coolants  than  thone  operated  below  critical  p  re  .enure, 
especially  11'  the  bulk  temperuturc  goes  from  subcrttlcal  to  super¬ 
critical  somewhere  In  the  coolant  passage. 

A  low  vLocoulty  lo  a  favorable  liquid  phyn leal  property, 
since  for  a  given  maos  flow  rate  it  permits  higher  coolant  velocities 
for  a  given  pressure  drop.  Furthermore,  increasing  viscosity  is 
believed  to  be  the  explanation  for  the  two  cases  mentioned  where  qu£ 
was  observed  to  decrease  with  decreasing  bulk  temperature,  contrary 
to  the  normal  trend. 

Liquids  which  decompose  either  at  limited  rates,  or 
explosively,  which  deposit  salts  or  carbon  on  the  hot  wall,  or  which 
corrode  the  wall  are  generally  inferior  to  liquids  which  fire 
essentially  chemically  inert. 

The  cooling  of  a  motor  with  the  oxidizer  i3  best 
accomplished  by  operating  the  motor  at  high  oxidizer  to  fuel  mixture 
ratios.  Conversely,  cooling  with  the  fuel  is  best  accomplished  at 
low  mixture  ratios.  For  many  systems,  significant  changes  in  mixture 
ratio  from  the  peak  performance  value  can  be  made  to  gain  cooling 
advantage  with  but  little  sacrifice  in  performance.  y 

The  only  design  parameter  that  is  available  to  the 
designer  to  Improve  cooling  conditions  once  the  propellants,  mixture 
ratio,  combustion  pressure,  and  motor  configuration  are  selected,  is 
the  coolant  velocity  which  may  be  advantageously  increased  by  de¬ 
creasing  coolant  passage  flow  area  with  an  attendant  increase  in 
coolant  passage  pressure  drop.  For  some  systems,  cooling  with  both 
propellants  may  be  required. 
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TABLE  II 

EFFECT  OF  COOLANT  VELOCITY  ON  VALUE 


OF  qu£  AND  ON  TURBOPUMP  POWER  REQUIREMENTS 


First 

Design 

Second 

Design 

Coolant  Velocity  at  Throat  (ft/sec)  ^ 

50 

100 

Coolant  Bulk  Temperature  at  Throat  (°F)a 

100 

100 

Chamber  Pressure  (psia) 

300 

300 

Injector  Pressure  Drop  (psia)  . 

75 

75 

Coolant  Passage  Pressure  Drop  (psi)D 

75 

600 

Turbopump  Outlet  Pressure  (psi) 

450 

975 

Pressure  at  Throat  in  Coolant  Passage  (psia) 

423 

675 

Value  of  qu/  at  Throat  (Btu/in2  secjc 

Total  Propellant  Consumption  Required  for 

4.2 

7.7 

Fuel  Turbopumpd 

2.0* 

4.25* 

Increase  in  Value  of  qu£ 

Increase  in  Total  Propellant  Consumption 

”  “  “ 

83* 

Required  for  Fuel  Turbopump 

2.25* 

Calculation  for  NH3  cooled  motor 

Coolant  passage  pressure  drop  proportional  to 

cInterpolated  from  figures  (2)  and  (4) 

Cor  constant  mass  flow  rate  turbopump  power  requirement 
assumed  proportional  to  head;  assuming  constant  efficiency, 
propellant  consumption  is  proportional  to  power. 
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Figure  1.  Heat  Flux  vs  Wall  Temperature  of  Typical  Liquid 
Propellant  in  Various  Heat  Transfer  Regimes 
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Figure  2,  Heat  Flux  at  the  Upper  Limit  of  Nucleate  Boiling  as  a  Function 
of  Pressure  for  Ammonia  at  Bulk  Temperature  60°F±5 
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Figure  3.  Heat  Flux  at  the  Upper  Limit  of  Nucleate  Boiling  as  a 
function  of  Bulk  Temperature  for  Ammonia  at  Pressure 
£00  psi,  Velocities  of  30  and  60  ft/sec 
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Heat  Flux  at  the  Upper  Limit  of  Nucleate  Soiling  as  a 
Function  of  Velocity  for  Ammonia  at  Pressure  J?00  pSi 


UNCLASSIFIED1 


23.1 


OPERATIONAL  COMPARISON  FOR: 

50,000  1b  THRUST,  2:1  CONTRACTION,  7:1  EXPANSION 


Throat  Values  of  quj  of  Ten  Propellant  Systems  (see  Table  III 
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FACTORS  INFLUENCING  THE  MONOPROPELLANT  SPECIFIC 
IMPULSE  OF  ACETYLENIC  COMPOUNDS 


Lloyd  E.  Lino,  Jr. 
Experiment  Incorporated 
Richmond,  Virginia 


The  employment  of  acetylenic-type  monopropellants  in  ram- 
rocket  and  turborocket  applications  involves  a  two-phase  working  fluid 
consisting  primarily  of  carbon  and  hydrogen  with  unusually  high  weight- 
percentages  of  finely  divided  carbon.  Thus  the  working  fluid  from 
propyne  decomposing  according  to  the  equation 

C3H4  -  3C  +  2H2  (l) 

would  contain  90%  by  weight  of  solid,  which  very  nearly  equals  that 
corresponding  to  chemical  equilibrium  at  the  flame  temperature.  Other 
acetylenic  compounds  of  higher  molecular  weight  that  decompose  in  a 
similar  fashion  have  been  considered.  These  include  (l,  2)  methyl- 
vinylacetylene ,  methyldivinylacetylene,  1,6-heptadiyne,  1,7-octadiyne, 
dipropargyl  ether,  dipropargylamine ,  and  isopropenylacetylene. 

The  motivation  for  the  studies  reported  in  this  paper  lies 
in  the  fact  that  no  acetylenic  monopropellant  tested  thus  far  has 
shown  a  measured  specific  impulse  greater  than  about  SO %  of  the  theo¬ 
retical  (l,  2).  It  therefore  seemed  necessary  to  consider  the 
physicochemical  properties  of  the  two-phase  system  consisting  of 
carbon  and  hydrogen  with  a  view  to  uncovering  the  probable  source  or 
sources  of  trouble.  The  problem  has  also  been  considered  by  Glassman 
(2). 

It  is  the  purpose  of  this  paper  to  list  and  examine  the 
potential  sources  of  low  impulse  efficiency,  using  propyne  as  an  ex¬ 
ample,  and  where  the  results  are  clear-cut,  to  indicate  those  factors 
that  seem  most  important.  These  factors  are  probably  common  to  all 
acetylenic  monopropellants  that  decompose  to  give  a  solid-gas  working 
fluid. 


The  theoretical  calculation  of  the  specific  impulse  of 

CONFIDENTIAL 


■ ,  Lino 

CONFIDENTIAL 

propyno  (l89  second a)  assumes  that  chemical  equilibrium'  in  achieved  in 
tho  chamber  find  that  there  ia  no  ohift  in  chemical  equilibrium  during 
oxpanaion.  Carbon  ia  assumed  to  bo  in  tho  graphitic  form,  and  the 
composition  of  products  ia  very  nearly  that  represented  by  Equation  1. 
It  in  further  assumed  that  the  expansion  ia  adiabatic  and  that  the 
particles  and  gaa  ore  in  thermal  equilibrium  and  loavo  tho  nozzlo  with 
the  oamo  exhauat  volocity. 

In  view  of  the  above  uasumptlona,  the  following  factora 
aeomed  to  require  inveatigation: 

(a)  difference  in  exhaust  velocities  for  tho  two  phases, 

(b)  lack  of  thermal  equilibrium  between  the  phases, 

(c)  enthalpy  losses  due  to  radiation  from  the  particulate 
matter, 

(d)  tie-up  of  enthalpy  in  the  chemical  and  physical  state 
of  the  product  carbon,  and 

(e)  failure  of  the  two -phase  working  fluid  to  attain  chemical 
equilibrium. 

In  the  following  sections  the  probable  importance  of  each  factor  oper¬ 
ating  alone  is  examined. 

2.  Velocity  Difference  Between  Phase a 

If  there  is  a  substantial  slip  of  gases  past  the  particles 
in  the  expanding  mixture,  the  specific  impulse  will  be  lower  than  that 
calculated  ideally,  for  the  theoretical  calculation  assumes  that  par¬ 
ticles  and  gas  are  in  dire cted-velo city  equilibrium.  This  slip,  or 
velocity  difference,  has  been  calculated  to  a  first  approximation  for 
the  decomposition  products  of  propyne  at  the  flame  temperature  as 
given  by  Equation  1,  expanding  through  a  pressure  ratio  of  20  to  1  in 
a  rocket  nozzle  having  the  geometry  shown  in  Figure  1.  Thermal  equi¬ 
librium  between  the  phases  was  assumed  during  the  expansion. 

The  procedure  was  to  determine  the  velocity  profile  of  a 
single  carbon  particle  being  accelerated  in  the  nozzle  by  a  gas  which 
has  all  the  characteristics  of  hydrogen  except  the  ratio  of  specific 
heats, y  ,  and  the  molecular  weight.  The  ratio  of  specific  heats  ia 
that  appropriate  to  the  heterogeneous  mixture  and  the  molecular  weight 
(20  grams/mole)  is  equal  to  the  mass  of  the  products  (Equation  l)  in 
grams  divided  by  the  number  of  moles  of  gas. 

The  velocity  profile  of  this  hypothetical  gas  is  shown  by 
the  solid  line  of  Figure  2  and  was  obtained  in  the  manner  usually 
employed  for  gas  of  known  y,  temperature,  and  molecular  weight.  Tho 
velocity  profile  of  a  single  carbon  particle  0,1  micron  in  diamoter 
(see  section  5)  was  calculated  by  a  process  which  involved  breaking  up 
the  ga3  profile  into  convenient  intervals,  each  having  a  constant  gas 
velocity  (equal  to  the  terminal  gas  velocity  for  the  intei'val)  and 
finding  the  terminal  particle  velocity  for  each  successive  interval  by 
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ncuriii  of  hydrodyr  amic  dr ag  equations.  A  drug  coefficient  of  10  way 
chosen.  It  way  than  assumed  that  each  partial')  hay  the  velocity  lag 
given  by  the  difference  ahown  in  Figure  2,  and  this  difference  waa 
then  interpreted  in  torma  of  impulse  efficiency.  A  velocity  profile 
for  1-micron  porticlea  la  ulao  ahown  in  Figure  2.  _  - 

For  ii  0. 1-micron  particle  at  the  exit  the  particle  velocity, 
V„,  la  ^8  x  10*  cm/sec,  while  the  corresponding  gnu  velocity,  V^f  ia 
19  x  10  ’  em/soc.  An auming  now  that  thoao  arc  the  actual  exit  velocl- 
tiea  of  the  phaaca,  the  specific  impulao  of  the  mixture  la  obtained 
from 


whoro  r  ia  the  mass  ratio  of  solid  to  gas  and  g  i3  the  acceleration 
duo  to  gravity.  Equation  2  is  readily  derived  from  the  definition  of 
tho  specific  impulse  and  the  equation  of  continuity  for  each  phase. 

For  tho  case  under  consideration  I3p  =  180  sec  for  0.1-micron  parti¬ 
cles,  or  a  probable  loss  of  some  9  seconds  due  to  tho  slippage  factor. 
This  loss  is  probably  a  high  figure  because  Vg  would  actually  be 
higher  than  that  corresponding  to  no  slippage.  Moreover,  the  drag  co¬ 
efficient  is  probably  much  greater  than  10.  Glassman  (2) ,  employing 
the  method  of  Gilbert,  Davis,  and  Altman  (3)  but  a  velocity  profile 
for  a  gas  having  all  the  properties  of  hydrogen  except  Y,  concludes 
that  the  effect  of  velocity  lag  is  negligible. 

The  above  treatment  is  intended  to  furnish  only  a  rough  idea 
of  the  importance  of  the  factor  under  consideration  and  simply  shows 
that  it  cannot  account  for  the  discrepancy  entirely.  A  better  esti¬ 
mate  of  the  velocity  lag  would  involve  a  complicated  stepwise  process 
which  would  take  into  account  the  interactions  of  particles  and  gas  in 
such  a  manner  that  the  actual  gas  and  particle  velocities  would  be 
estimated  at  selected  intervals  and  hence  at  the  exit.  In  this  case 
the  gas-  and  particle-velocity  profiles  would  lie,  respectively,  above 
and  below  the  profile  given  by  the  solid  line  of  Figure  2.  Equation  2 
would  then  be  more  nearly  applicable  than  it  was  in  the  present  analy¬ 
sis. 


When  a  two-phase  system  assumed  to  be  initially  at  thermal 
equilibrium  at  the  flame  temperature  expands  in  a  nozzle,  it  is  possi¬ 
ble  that  the  expansion  is  so  rapid  that  the  rate  of  heat  transfer  does 
not  keep  pace  with  the  expansion,  so  that  hot  particles  are  ejected 
with  cooler  gas.  The  result  would  be  a  loss  in  enthalpy, 

Tho  degree  of  heat  transfer  between  particles  and  gas  was 
.evaluated  for  a  working  fluid  corresponding  to  3C  +  2H2  (flame  temper¬ 
ature,  l6fi5°K;  carbon  particles  0.1  micron  in  radius)  expanding 
through  a  pressure  ratio  of  20  to  1  in  a  nozzle  having  tho  geometry 
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shown  in  I'M 'jure  1;  Details  of  the  method  arc  reported  olsowhoro  (4). 
Thu  procedure  Involved  a  stepwise  evaluation  of  the  particle  and  gaa 
■tempo  rnturoo  ufc  selected  positions  along  the  nozzle  /uds ,  resulting  in 
an  exit  gaa  tempo rnturu  from  which  Itip  could  bo  evaluated.  At  each 
paint  the*  heat  transfer  wan  calculated  by  mo  an  a  of  the  kinetic  theory 
of  guooa  and  a  reasonable  value  of  thu  thermal-accommodation  coeffi¬ 
cient.  Employment  of  tho  kinetic  theory  of  gases  lri. this  caoo  io 
justified  by  tho  fact  that  tho  carbon  particles  arc  of  the  ordor  of 
tho  moon  free  path  of  hydrogen.  Thua  it  la  poaalblo  to  calculate  heat 
tronaferred  from  the  number  of  collisions  per  unit  area  per  unit  time. 
The  reaults  of  calculations  applied  to  propync  are  summarized  in 
Table  I. 

It  ia  apparent  that  tho  computed  loa3  in  impulao  duo  to 
partial  heat  transfer  la  quite  low.  In  fact  this  is  an  upper  figure, 
since  every  questionable  aaaumption  that  had  to  be  made  in  the  analy¬ 
sis  waa  on  the  side  of  low  heat  transfer.  Also,  for  the  case  of  no 
heat  transfer  the  computed  loss  in  impulse  ia  aurprialngly  low.  This 
is  due  to  a  combination  of  two  factors,  one  being  the  high  specific 
heat  of  hydrogen  as  compared  to  carbon  and  the  other  being  the  tend¬ 
ency  for  the  hydrogen  to  overexpand.  From  these  calculations  it  would 
appear  that  the  importance  of  heat  transfer  is  not  serious. 

4.  Radiation  Losses 

Since  particulate  matter  is  present  in  the  working  fluid,  it 
is  necessary  to  evaluate  the  loss  of  enthalpy  due  to  radiation.  The 
evaluation  given  here  is  a  maximum  figure  for  the  rocket  configuration 
chosen,  since  drastic  assumptions  favoring  heat  loss  were  employed  in 
the  interest  of  simplification. 

In  the  calculation  it  is  assumed  that  all  the  carbon  parti¬ 
cles  are  at  the  flame  temperature  (l655°K)  and  that  the  wall  tempera¬ 
ture  is  0°K.  It  is  further  assumed  that  steady-state  conditions 
prevail  and  that  the  total  effective  radiating  surface  equals  the  wall 
area  of  the  rocket  chamber  and  no sale  (taken  to  be  1200  square  centi¬ 
meters)  .  This  is  the  maximum  radiating  surface. 

From  the  Stefan-Boltzmann  Law  and  the  assumption  of  black- 
body  radiation,  the  rate  of  radiant  heat  loss  is  found  to  be  12 
keal/seo.  Assuming  a  propyne  fuel  decomposition  rate  of  1  lb/sec 
(ll„3  g-mole/sec),  one  finds  that  the  rate  of  heat  evolution  is  39.2 
kcal/mole  x  11.3  mol/sec  -  44-3  kcal/sec.  The  maximum  loss  in  enthalpy, 
therefore,  is  about  2.7%,  cor re spending  to  a  flame  temperature  of 
1627°K  and  a  loss  in  specific  impulse  of  less  than  1$. 

The  above  calculation  shows  that  the  loss  of  enthalpy  by 
radiation  from  hot  carbon  particles  is  probably  not  a  serious  factor. 
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5.  Characteristics of  Product  Carbon 

The  theoretical  monopropellant  specific  impulso  for  propyne 
und  for  other  acetylenic  hydrocarbons  ic  calculated  on  the  assumption 
that  the  carbon  is  pure  graphite.  This  section  deals  with  the  ques¬ 
tion  of  whether  this  assumption  is  a  valid  one  and  with  tho  general 
characteristics  of  the  carbon  including  particle  size,  chemical  com¬ 
position,  and  x-ray  diffraction  patterns. 

a.  Particle  Size 

Samples  of  exhaust  carbon  were  collected  through  cold  probes 
placed  in  the  chamber  and  in  the  exhaust  stream  of  a  rocket  motor 
employing  propyne.  In  one  run  the  fuel  temperature  was  29°F,  and  in 
the  other  it  was  preheated  to  110°F,  The  chamber  pressure  was  about 
250  psi.  The  run  in  which  tho  fuel  was  at  ambient  temperature  gave  a 
specific  impulse  of  140  seconds;  the  one  with  preheated  fuel  gave  a 
specific  impulse  of  150  seconds.  The  electron  micrographs  show 
clusters  1  or  2  microns  in  size  consisting  of  apparently  spherical 
particles  0.1  to  0.2  microns  in  diameter  {Figure  3).  The  ultimate 
particles  are  somewhat  larger  than  those  of  industrial  carbon  blacks 
and  of  carbon  in  premixed  or  diffusion  flames.  It  is  impossible  to 
say  whether  or  not  these  clusters  exist  during  the  expansion,  but 
calculations  employing  a  relationship  developed  by  von  Smoluchowski 
(5)  show  that  little  agglomeration  can  occur  via  a  Brownian  movement 
mechanism  during  the  residence  times  of  particles  in  the  rocket  motor. 
■The  extent  of  agglomeration  due  to  turbulence  is  hardly  predictable. 

Examination  of  the  electron  micrographs  show  no  difference 
in  particle  size  between  a  sample  taken  from  the  chamber  and  one  taken 
from  the  exhaust  stream.  Also  there  was  little  difference  in  ultimate 
size  or  shape  between  particles  for  which  the  fuel  was  preheated  and 
those  for  which  the  fuel  was  at  ambient  temperature. 

b*  X-ray  Examination 

Graphitic  carbon  has  a  characteristic  x-ray  pattern  which  is 
well-known.  The  patterns  of  product  carbon  samples  taken  from  the 
chamber  and  the  exhaust  stream  (with  and  without  fuel  preheating)  show 
broad  bands  and  lines  that  correspond  in  general  to  the  graphitic 
spacing.  However,  the  broadness  would  seem  to  indicate  a  lack  of 
regularity  in  the  structure  and/or  exceedingly  small  crystal  size 
combined  with  spreading  of  the  lattice  structure  by  impurities  that 
are  too  small  to  give  their  own  diffraction  pattern.  The  samples  did 
not  show  marked  differences  from  each  other. 

c.  Heat  of  Combustion 

Tho  heat  of  combustion  of  tho  product  carbon  is  an  important 
quantity,  since  from  this  one  can  compute  tho  enthalpy  difference,  if 
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any,  Wlv/i.-'.-n  thin  car Lon  mid.  graphite  and  relate  It  to  tho  specific 
Impulse . 

■  •  3/tmplos  of  the  exhaust  carbon  word  submitted  to  the  National 

Bureau  of  3tundurdu  Cor  determination  of  tho  percentages  of  carbon  and 
hydrogen  mid  tho  heat  of  combustion  of  tho  carbon.  The  percentages  of 
cju’bon  and  hydrogen  wore  determined  gravimo trically'  no  C0Z  and  li^O, 
respectively.  The  hoat  of  combustion  of  tho  carbon  wan  obtained 
cnlorircotrically,  tho  mass  of  carbon  being  obtained  from  the  munn  of  . 
carbon  dioxide  found.  The  heat  of  .combustion  wan  corrected  for  tho 
presence  of  hydrogen  using  tho  muss  of  hydrogen  in  tho  sample  and  itn 
heat  of . combustion  per  gram,  assuming  the  hydrogen  to  be  phyaicully 
absorbed. 

Tho  renultn  show  on  average  heat  of  cornbuntion  for  nix 
samples  of  8015  cal/g  carbon,  whereas  the  present  bent  value  for 
graphite  is  7831  cal/g  (6).  This  means  that  enthalpy, is  tied  up  in 
the  particular  form  of  carbon  produced  in  the  decomposition,  and  only 
32.57  kcal  are  evolved  for  the  decomposition  of  one  mole  of  liquid 
propyne  at  298°K  instead  of  39.2  kcal  when  graphitic  carbon  is  formed. 
The  excess  energy  resident  in  this  carbon  may  be  associated  with  its 
high  state  of  subdivision. 

Assuming  that  this  product  carbon  has  the  same  heat  capacity 
as  that  of  graphite  (and  neglecting  the  effect  of  the  removal  of 
hydrogen  from  the  working  fluid),  one  obtains  ISn  =  178  seconds  for 
the  ideal  specific  impulse  or  a  loss  of  11  seconds  associated  with  the 
type  of  carbon  formed. 

d,  Percentage  of  Hydrogen 

The  carbon  samples  contained  an  average  of  0.75 %  hydrogen  by 
weight.  A  calculation  of  the  specific  impulse  for  a  graphite -hydrogen 
working  fluid  with  this  much  hydrogen  removed  (temperature,  ratio  of 
specific  heats  and  pressure  ratio  assumed  to  remain  unchanged)  gives 
ISp  =  182  seconds  or  a  loss  of  about  7  seconds  due  to  removal  of 
hydrogen.  Small  weight-percentages  of  hydrogen  in  the  carbon  increase 
considerably  the  molecular  weight  of  the  working  fluid. 

6.  Analyses  of  Product  Gases 

Analyses  of  exhaust  gases  from  a  rocket  motor  utilizing 
propyne  indicate  a  high  percentage  (around  30$)  of  methane  together 
with  hydrogen  and  smaller  percentages  of  alkenes  and  alkynes  (l-2$) . 

The  gases  from  the  decomposition  of  1,6-heptadiyne  in  a  rocket  show 
about  38$  methano  with  the  remainder  largely  hydrogen.  The  amount  of 
methane  for  an  equilibrium  distribution  of  products  in  the  decomposi¬ 
tion  of  acetylenic  hydrocarbons  is  about  2$, 

Closed-bomb  ignitions  (with  a  fuse  .wire)  of  various  acety¬ 
lenic  monopropellnnts  in  the  vapor  phase  at  2o0°0  also  show  consider- 
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able  quantities  of- mot  hams  (Table  II) . 

The  question  arises,  how  important  in  tho  formation  of 
mothuno?  Tho  specific  impuluo  of  tho  product  mixture  from  the  decom¬ 
position  of  propyno  according  to 

C3H4  -2.5C  +  H2  +  0.5  CIJ4  (3) 

which  correopondo  to  3355  CII4 ,  wan  calculated.  In  the  calculation  it 
wao  assumed  that  the  decomposition  ia  complete  in  the  chamber  and  that 
thore  io  no  ahift  in  equilibrium  on  expunoion.  The  carbon  waa  assumed 
to  bo  graphitic.  To  obtain  tho  flume  temperature,  the  enthalpy  of  the 
above  reaction,  obtained  from  tho  heat3  of  formation  of  propyno  and 
methane,  waa  diatributed  over  componenta  conaidered  to  bo  in  thermal 
but  not  in  chemical  equilibrium.  The  rcault,  182  acconda,  3howa  a 
I033  of  only  about  7  seconds  due  to  the  formation  of  33$  methane. 

While  tho  specific  impulse  should  be  lowered  appreciably  by  the  in¬ 
creased  molecular  weight  (20  to  26.7),  thi3  tend3  to  be  cancelled  by 
the  increase  in  flame  temperature  (l655°K  to  about  2050°K) .  This 
latter  fact  arises  because  the  formation  of  methane  from  carbon  and 
hydrogen  is  exothermic.  The  slightly  different  ratios  of  specific 
heats  for  the  two  cases  were  neglected. 

The  question  arises  whether  the  30$  methane  found  in  the 
exhaust  gases  is  the  percentage  that  existed  in  the  working  fluid. 
Assuming  no  shift  of  equilibrium  In  expansion,  any  change  in  the  gas 
composition  will  be  that  due  to  cooling  of  the  mixture  during  sam¬ 
pling.  This,  however,  should  increase  the  percentage  of  methane, 
since  the  equilibrium 

2H2  +  C  -  CH *  (4) 

shifts  to  the  right  on  cooling.  From  these  considerations  it  would 
appear  that  the  discrepancy  of  7  seconds  due  to  the  methane  found  in 
the  exhaust  gases  is  a  maximum. 

Glassman  (2)  found  only  about  7$  methane  in  the  exhaust 
gases  from  the  decomposition  of  propyne  in  a  rocket  motor  and  con¬ 
cluded  that  the  effect  of  methane  was  slight. 

Experiments  with  preheated  propyne  (7)  have  been  conducted 
at  Experiment  Incorporated.  Preheating  of  the  fuel  by  100°F  appears 
to  yield  an  increase  of  10-15  seconds  in  the  specific  impulse.  Since 
this  is  considerably  greater  than  that  which  would  be  expected  from 
the  preheating  alone,  the  importance  of  reaction  kinetics  seems  to  be 
indicated. 
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Residual  gases  include  Oz,  CO*,  and  N2.  Some  ammonia  may  have  been  formed  when 
dipropargylamine  was  decomposed. 
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Summary  and  Discussion 

The .  forego ing  results,  summarized  In  Table  III,  show  that 
the  discrepancy  between  the  theoretical  find  measured  specific  impulse 
for  propyne*  is  distributed  over  several  possibilities.  Of  those,  the 
least  reliable  estimate  is  the  one  given  for  the  volocity  difference 
between  the  phases.  This  eatimato  is  probably  hich  for  0.1-micron 
particlesj  for  1-micron  particles  this  factor  would  become  quite  im¬ 
portant.  It  is  well-nigh  impossible  to  estimate  the  degree  of  agglom¬ 
eration  of  the  0.1-micron  particles  in  the  working  fluid. 

Heat  transfer  and  radiation  from  particulate  matter  appear 
not  to  be  important.  The  estimated  effects  are  probably  maximum 
values. 

The  influence  of  the  state  of  the  carbon  may  be  surprising, 
yet  carbon  blacks  in  general  have  a  higher  energy  content  than  graph¬ 
ite  (6) .  This  may  be  due  to  the  high  state  of  subdivision.  In  any 
case,  the  assumption  of  graphite  as  the  form  of  carbon  produced  in  the 
decomposition  of  acetylenic  compounds  appears  to  be  in  error. 

The  fact  that  0.7%  hydrogen  (about  8  atom-percent)  exists  in 
the  solid  and  about  30%  methane  in  the  gases  demonstrates  that  the 
system  does  not  attain  chemical  equilibrium.  These  results,  together 
with  the  fact  that  the  carbon  contains  more  energy  than  massive  graph¬ 
ite,  account  for  about  25  seconds  of  the  discrepancy  between  measured 
and  theoretical  values. 

It  is  hoped  that  future  work  can  be  directed  toward  studying 
the  chemical  mechanism  of  decomposition  of  propyne  and  other  acety¬ 
lenic  monopropellants. 
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TABLE  III 


Factor 

Velocity  Difference  Between  the  Phases 
Lack  of  Thermal  Equilibrium 
Radiation  from  Carbon 
State  of  the  Carbon 
Removal  of  Hydrogen  by  Carbon 
Formation  of  ' Methane 

Theoretical  Specific  Impulse  189  sec 

(Pressure  ratio  20  to  l) 

Measured  value  140-150  sec 

(Without  preheating  of  fuel) 


-AISp,  seconds 


9  max. 
3  max. 
2  max. 
11 
7 

7  max. 
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FIGURE  I.  ROCKET  NOZZLE  ASSUMED  FOR  CALCULATIONS 
OF  PARTICLE  VELOCITY  LAG.  FULL  SCALE 
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"EFFECT  OF  HYPERGOLICITY  OF  THE  PROPELLANTS 
OH  THE  OPERATION  OF  A  LARGE  HISSILE  ROCKET” 


R.  F.  Tangron 

Aerojot-Genaral  Corporation 
Azusa,  California 


INTRODUCTION 

A  review  of  the  experience  gained  in  the  development  of  a  large, 
liquid-propellant  booster-rocket  for  the  BOMARC  interceptor  reveals 
the  existence  of  three  problems  not  usually  considered  in  the  selection 
of  propellants*  Two  of  these  problems  are  directly  associated  with 
the  hypcrgolicity  of  the  propellants  and  its  effect  on  the  operation 
of  the  rocket  during  the  shutdown  sequence  and  reignition  under  con¬ 
ditions  of  interrupted  propellant  flow*  The  third  problem  which  is 
also  affected  by  the  hyper go lie  characteristics  of  the  propellants,  is 
the  combustion  time  lag  and  its  relationship  to  the  overall  system 
stability. 

Propellants  for  the  booster  rocketeers  originally  selected  to 
be  JP-3  and  white  fuming  nitric  acid.  Shortly  after  the  inception  of 
the  program,  the  fuel  was  changed  to  JP-U  and  later*  the  oxidizer  was 
changed  to  red  fuming  nitric  acid  for  better  storability.  After  a 
rather  extensive  development  program  with  the  JP-U,  the  fuel  was 
changed  to  JP-X,  a  hypergolic  mixture  of  JP-ii  and  the  unsymmetrical 
dimethylhydrazine.  A  marked  improvement  was  noted  in  the  operation 
of  the  rocket  in  changing  the  f\iel  because  of  the  effect  of  ^the  fuel 
on  the  problems  listed  above. 

The  utilization  of  a  hypergolic  propellant  combination  makes 
possible  the  attainment  of  a  "chemical  safety”  as  distinguished  from 
the  "mechanical  safety”  required  for  rocket  systems  dependent  on  the 
maintenance  of  close  control  tolerances  to  avoid  hazardous  malfunc¬ 
tions.  The  detonation  of  accumulated  propellants  within  a  rocket 
combustion  chamber  has  been  the  source  of  a  number  of  destructive 
explosions.  The  proper  selection  of  propellants  to  minimize  this 
danger  allows  a  greater  freedom  in  the  design  of  the  rocket  and  permits 
the  development  of  simple  overall  system. 
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Figure  1  Takeoff  of  IM-99  Test  Vehicle 
BOMARC  BOOSTER  ROCKET 

I 

The  booster  for  the  BOMARC  IH-99  Interceptor  is  a  liquid,  bi¬ 
propellant  rocket  with  a  normal  rating  of  35*000  lbs  of  thrust* 

Figure  1  shows  the  takeoff  of  one  of  the  vehicles  constructed  to  test 
the  operation  of  the  booster  rocket.  More  than  fifteen  successful 
flights  have  been  accomplished.  The  rocket  engines  used  for  these 
flights  all  utilized  a  helium-gas,  pressure-fed  system  shown  in 
Figure  2.  The  arrangement  of  the  tanks  was  varied  between  groups  of 
vehicles  to  comply  with  the  individual  requirements  of  the  groups. 

The  rocket  system  is  operated  in  the  following  manner:  A  solenoid 
operated  control  valve  admits  pressure  to  the  dome  of  the  main  gas 
regulator.  As  pressure  rises  in  the  main  tanks,  a  pressure  switch 
signals  the  thrust-chamber  valve  to  open.  Propellants  ignite  spon¬ 
taneously  in  the  thrust  chamber,  and  combustion  continues  until  the 
propellants  are  exhausted. 

Full  scale,  •' captive"  testing  of  complete  rocket  systems,  sim¬ 
ulating  actual  flight  conditions  as  closely  as  possible,  was  found 
to  be  a  nocassary  element  of  tho  development  program .  Figure  3  shows 
the  test  installation  at  the  Experimental  Rocket  Engine  Test  Station 
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Figure  2  Helium  Ga3  Pressurized  Rocket  System 


Figure  3  Testing  at  Edwards  Air  Force  Base 
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at  Edvards  Air  Force  Base  with  two  flight-typo  vehicles  inntailed,  tho 
one  nearest  tho  canora  firing. 

REVIEW  OF  EXPERIENCE  WITH  JP-ii 

With  the  excoption  of  an  adequate  shutdown  control,  the  develop¬ 
ment  of  the  rocket  using  JP-I4  was  successful  under  tho  conditions 
existing  at  the  Azusa  te3t  facilities  of  Aerojet-General.  At  the  time 
that  JP-b  was  abandoned  as  a  fuel,  a  total  of  9hh  tests  of  all  kinds 
has  been  conducted  on  the  subject  rocket  and  its  components,  of  which 
85  were  tests  of  tho  complete  system.  Work  wa3  in  progress  on  the 
solution  of  the  shutdown  problem,  the  problem  being  to  stop  fuel  flow 
into  the  combustion  chamber  in  such  a  manner  as  to  prevent  the  accumu¬ 
lation  and  subsequent  explosion  of  a  hazardous  quantity  of  mixed  fuel 
and  oxidizer.  Since  JP-lt  and  nitric  acid  do  not  react  readily  at  low 
pressure,  this  implies  the  need  for  rapid,  clean  shut-off  of  fuel 
flow. 

One  of  the  problems  encountered  was  unique  to  the  flight  environ¬ 
ment,  wherein  sloshing  of  propellants  in  the  tanks,  caused  by  pitch 
and  yaw  oscillations  of  the  missile,  resulted  in  an  uncovering  of  the 
outlet  port  and  a  momentary  interruption  of  the  flow  of  propellant  to 
the  thrust  chamber.  "Flame  out"  and  subsequent  reignition  of  accumu¬ 
lated  propellants  resulted  in  destructive  malfunctions.  This  problem 
was  solved  by  the  mechanical  means  of  adding  baffles  to  the  tanks,  tut 
indicated  the  desirability  of  spontaneously  igni table  propellants. 

The  most  critical  problem,  and  the  problem  dictating  the  change 
in  fuel,  was  one  of  low  frequency  (approximately  100  cps)  combustion 
instability  of  the  prototype  rocket  system.  The  successful  system 
tests  described  above  involved  heavy  and  very  rigid  thrust-chamber 
mounts  and  a  feed  system  designed  for  test  stand  use  with  heavyweight 
plumbing  and  tankage.  On  none  of  these  tests  was  low  frequency  in¬ 
stability  encountered.  However,  when  the  rocket  was  assembled  into  a 
flight-type  test  vehicle,  with  the  thrust  chamber  mounted  on  a  light¬ 
weight,  highly-stressed  structure  and  with  the  actual  configuration  of 
lines  and  plumbing  as  designed  for  the  interceptor,  low-frequency  in¬ 
stability  of  damaging  intensity  occurred.  It  was  concluded  that  the 
combination  of  the  dynamic  characteristics  of  the  structure  and  the 
feed  system  coupled  with  the  characteristic  combustion  time  lag  of  the 
propellants  were  responsible  for  the  instability. 

Although  it  would  have  been  possible  to  add  improved  control 
devices  for  shutdown  control,  a  continuous  flow  of  propellants  was 
assured  for  all  vehicle  motions,  and  modifications  could  be  made  to 
the  feed  system  and  vehicle  structure  to  obtain  combustion  stability; 
it  was  realized  that  these  changes  would  still  result  in  a  system 
with  marginal  reliability.  It  was  decided,  therefore,  to  change  the 
fuel  to  one  that  was  hypergolic  with  nitric  acid. 
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INVESTIGATIONS  WITH  JP-X 

Tho  evaluation  of  various  mlxturoa  of  UDMH  and  JP-I4  (JP-X)  was 
conducted  on  a  vory  small  scale  {^0  lbs  thrust)  to  determine  ignition 
lag  characteristics,  on  an  intermediate  scale  (5,000  lbs)  to  determine 
the  operating  characteristics  of  a  thrust  chamber  with  an  interrupted 
flow,  and  on  the  full  scale  (3$, 000  lbs)  to  demonstrate  the  feasibil¬ 
ity  of  JP-X  as  a  fuel  and  to  determine  tho  rocket  performance.  Tho 
UDMH  content  of  the  fuel  for  these  series  of  tests  was  varied  between 
20fl»  and  $ 0 %. 

The  ignition  delay  tester  consisted  of  a  small  combustion  chamber 
and  nozzle  incorporating  a  simple  one-to-one  impinging  stream  injector 
with  a  splash  plate  immediately  downstream  from  the  impingement  point. 
The  results  of  the  tests  conducted  with  this  tester  were  considered  to 
be  qualitative  only,  but  did  indicate  that  mixtures  with  or  more 
UDMH  had  ignition  lags  equal  to,  or  less  than  the  lag  for  the  30-70 
aniline -fur fury  1  alcohol  mixture  previously  found  to  be  successful. 
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Because  explosive  malfunctions  would  be  loss  costly  and  hazardous 
on  a  small  scale  than  on  the  full  scale  rockot,  to3ts  with  interrupted 
propellant  flow  were  conducted  using  thrust  chambers  rated  at  £,000-lb 
of  thrust.  As  would  bo  expected,  the  interruption  of  the  oxidizer 
flow  was  found  to  be  a  more  serious  condition  than  interruption  of  the 
fuel  flow.  The  tests  indicated  that  safe  reignition  of  the  propel¬ 
lants  could  be  accomplished  on  thi3  scale  with  a  fuel  containing  \\Q% 
UDMH  and  6(#  JP-Jj  if  either  fuel  or  oxidizer  wore  shut  off  for  a 
period  of  0.5  sec. 

Full  scale  (3f>>000 -lb)  testing  indicated  b  small  improvement  in 
overall  performance  of  the  lj0-60  fuel  mixture  over  JP-lj  at  the  same 
oxidizer  to-  ftiel  ratio  and  a  large  improv  ment  over  AMFA,  therefore, 
the  li0-60  mixture  was  selected  and  denoted  as  JP-X* 

A  negative  acceleration  occurs  at  the  end  of  boost  with  the 
BOMARC  vehicle  designed  for  booster  testing  in  as  much  as  no  sustain¬ 
ing  thrust  i3  provided.  One  of  the  tests  conducted  with  the  35*000  lb 
system  simulated  the  shutdown  condition  by  firing  a  full  scale  thrust 
chamber  with  the  thrust  axis  60°  up  as  shown  in  Figure  h. 

Very  extensive  development  tests  have  been  successfully  conducted 
using  JP-X  in  the  35,000-lb-thrust  chamber  for  three  supersonic  sled 
programs  as  well  as  for  the  IM-99  interceptor.  Several  tests  were 
made  using  ANFA  (Aniline -Furfuryl  Alcohol)  with  equally  satisfactory 
rocket  system  operation  but  with  a  lower  propellant  specific  impulse 
than  for  JP-X.  The  problems  of  shutdown,  reignition  after  interrupted 
propellant  flow,  and  combustion  stability  were  solved  by  the  use  of 
hypergolic  propellants. 

A  word  of  caution  is  necessary  to  point  out  that  the  low  fre¬ 
quency  combustion  instability  is  a  function  of  the  whole  dynamical 
system  including  the  feed  system,  the  structure,  and  the  combustion 
process  and  must  be  treated  as  such.  Although  the  BOMARC  system  be¬ 
came  very  stable  by  changing  the  fuel,  modifications  to  the  structure 

or  feed  systems  using  JP-X  fuel  can  make  the  overall  system  unstable. 

.  .  # 

CONCLUSION 
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Well  over  300  tests  of  complete  systems  using  hypergolic  propel¬ 
lants  including  "captive  firings”  of  experimental  and  prototype 
systems  and  flight  tests  have  proven  the  BOMARC  booster  rocket  to  be 
stable  and  reliable  using  hypergolic  propellants.  No  significant 
problems  were  encountered  and  the  success  of  the  flight  test  program 
(the  proof  of  the  pudding)  has  been  outstanding.  The  use  of  a  hyper¬ 
golic  propellant  combination  has  contributed  markedly  to  the  success 
of  the  BOMARC  program  ty  providing  a  "chemical  safety"  or  reliability 
that  has  proven  to  be  of  great  importance. 
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SOME  PROPELLANT  PROPERTIES  THAT  INFLUENCE  THE  DESIGN 
OP  ROCKET  PROPULSION  SYSTEMS 

K.  N.  Watts 

Rocketdyne,  A  Division  of  North  American  Aviation,  Inc. 
Canoga  Park,  California 


1.  INTRODUCTION 

The  liquid  propellant  rocket  engine  is  essentially  a  jet 
propulsion  device  that  derives  its  thrust  force  from  the  reaction  to 
a  high-speed  Jet  of  ejected  matter.  This  ejected  matter,  or  propel¬ 
lant,  is  the  primary  working  fluid  of  the  rocket  propulsion  system, 
and  is  contained  completely  within  the  propulsion  system  prior  to  its 
ejection.  Since  it  carries  its  complete  propellant  mass,  the  rocket, 
unlike  air-breathing  engines,  may  operate  independent  of  the  surround¬ 
ing  atmosphere.  From  this  fact  arises  the  obvious  advantage  of  the 
rocket  engine  as  a  means  of  propulsion,  in  vacuo,  beyond  the  earth's 
atmosphere . 

The  propulsive  jet  represents  the  conversion  of  the  chemical 
energy  of  the  propellants  into  useful  energy  and  is  initiated  by 
injection  of  the  propellants,  at  controlled  flow  rates,  into  the  com¬ 
bustion  chamber  where  combustion  occurs.  The  resulting  high-pressure, 
high  temperature  combustion  gases  are  then  allowed  to  expand  (to  low 
pressure  and  high  velocity)  through  a  nozzle,  wherein  the  thermal 
energy  is  converted  efficiently  into  kinetic  energy  of  flow.  The  re¬ 
sulting  increase  in  momentum  of  the  ejected  propellant  mass  (from  low- 
velocity  injection  into  the  thrust  chamber  to  high-velocity  gaseous- 
phase  ejection  from  the  nozzle  exit)  must,  in  turn,  be  imparted  by 
reaction  to  the  thrust  chamber  in  order  to  conserve  total  momentum. 

It  is  this  reaction  that  provides  the  primary  propulsive  thrust  force 
of  the  rocket  propulsion  system.  This  thrust  force  may  be  generated 
as  long  as  the  propellants  are  delivered  to  the  thrust  chamber  at  the 
required  conditions  of  flow  rate  and  high  pressure. 


As  stated  previously,  the  entire  propellant  mass  is  con¬ 
tained  within  the  rocket  propulsion  system  prior  to  its  delivery  to 
the  thrust  chamber.  This  mass  of  fuel  and  oxidizer  must  be  pressur¬ 
ized,  pumped,  throttled,  injected,  heated,  vaporized,  burned,  and 
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expanded  to  supersonic  velocity  an  it  pasoco  through  the  rocket  engine 
at  prodigious  flow  ratco.  Since  the  propellant  must  be  controlled  and 
transported  at  high  flow  rates  and  pressures  by  propulsion  system  com¬ 
ponents  and  sub-systems,  it  is  apparent  that  physical  and  chemical 
properties  of  the  propellant  may  influence  the  design  requirements  of 
the  propulsion  system  and  components  to  a  significant  degree.  It  is 
the  primary  objective  of  this  paper  to  discuss  some  gif  the  effects  on 
propulsion  Bystem  design  requirements  that  may  result  from  variations 
in  the  properties  of  the  propellants. 

2.  SCOPE  AND  LIMITATIONS 

Certainly  most  of  the  properties  of  liquid  propellants 
affect,  in  some  way,  the  design  requirements  of  rocket  engine  compo¬ 
nents  or  systems.  However,  this  discussion  is  limited  arbitrarily  to 
a  few  of  those  properties  or  characteristics  that  result  in  obvious 
or  pronounced  effects. 

For  example,  while  consideration  is  given  to  the  general 
effects  of  specific  impulse  on  the  propulsion  system,  the  detailed 
performance  of  specific  propellants  is  omitted  entirely.  The  determi¬ 
nation  of  the  theoretical  performance  of  various  propellant  combina¬ 
tions  has  become  a  formalized  computational  process,  aided  greatly 
by  the  recent  emergence  of  the  high-speed  electronic  computer  a3  an 
analytical  tool.  To  this  end,  much  excellent  work  has  been  done  to 
further  the  evaluation  of  combustion  processes  while  fundamental 
research  has  added  to  the  knowledge  of  fluid  mechanics,  gas  dynamics 
and  the  transport  properties  of  high-temperature  rocket  combustion 
gases.  It  is  not  the  intent  of  the  paper  to  relegate  these  extremely 
important  technological  data  to  the  status  of  the  obscure  or  unim¬ 
portant  .  Bather,  it  is  the  purpose  of  this  paper  to  isolate  a  few  of 
those  propellant  properties  that  affect,  directly,  the  operation  of 
rocket  engine  components  or  systems,  and  to  evaluate  the  magnitude  of 
these  effects. 

2.1.  SYSTEMS  UNDER  CONSIDERATION 

Consideration  will  be  confined  to  bipropellant  liquid  rocket 
propulsion  systems  as  generally  conceived  for  the  propulsion  of  mis¬ 
siles  and  other  vehicles.  Figure  1  presents  simplified  schematic 
diagrams  of  a  pressure-fed  system  (a),  and  a  pump-fed  system,  (b). 

The  essential  elements  are  seen  to  be  the  thrust  chamber  and  the  pro¬ 
pellant  feed  system.  Although  the  propellant  tanks  merely  provide  the 
source  of  propellants,  they  are  integral  parts  of  the  propulsion  sys¬ 
tem  and  are  shown  as  such  in  Figure  (1).  The  pressure-fed  system 
(la)  requires  that  the  propellant  tanks  be  capable  of  withstanding 
the  high  feed  pressures  necessary  to  overcome  the  thrust  chamber 
pressure  and  the  hydraulic  flow  resistance  of  the  propellant  feed 
system.  However,  in  the  case  of  the  pump- fed  system,  the  required 
pump  inlet  pressures  are  low,  and  the  propellant  tanks  of  the  pump- fed 
system  may  be  of  light-weight  construction. 
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The  pump- fed  system  (lb)  includeo  a  typical  gas  turbine- 
driven  pump  unit  in  which  a  turbine,  utilizing  an  auxiliary  working 
fluid,  driven  the  oxidizer  and  fuel  pumps  directly.  The  auxiliary 
working  fluid  in  assumed  to  be  supplied  from  a  monopropellant  gas 
generator,  or  from  a  bipropellant  gas  generator  utilizing  the  main 
propellants  fed-back  from  the  main  pump  discharges.  In  special  appli¬ 
cations,  e.g.,  an  aircraft  rocket  engine,  the  motive  power  may  be 
derived  from  other  means  such  as  turbojet  compressor  bleed  air  or  ram 
air. 

The  schematic  diagrams  of  Figure  1  show  the  hydraulic 
resistance  elements  of  the  propellant  feed  system  such  as  lines, 
valves,  injectors,  and  regenerative  cooling  Jackets,  to  be  lumped  into 
single  equivalent  resistances.  Details  of  control  systems  and  other 
major  sub-system3  are  omitted  in  the  interests  of  generality. 

2.2.  SYSTEM  INTERACTIONS 

The  design  requirements  of  a  practical  system  seldom  incor¬ 
porate  ideal  operating  conditions  for  all  of  the  components  or  sub¬ 
systems.  (For  example,  rocket  engine  turbomachinery  rarely  includes 
optimal  thermodynamic  design  of  the  turbine  stages.  First,  the  strin¬ 
gent  weight  limitations  on  airborne  engine  components  limit  the  num¬ 
ber  of  stages  to  a  maximum  of  two  or  three.  This  fact,  coupled  with 
the  employment  of  high  pressure  ratios  and  unusual  working  fluids  of 
high  available  energy,  result  in  relative  gas  velocities  through  the 
rotor  blading  in  the  transonic  and  supersonic  ranges  generally 
avoided  in  more  conservative  designs.)  Therefore,  in  the  interests 
of  overall  system  reliability  and  efficiency,  engineering  compromises 
are  effected  in  order  to  achieve  the  nearest  practicable  approach  to 
optimum  conditions  for  the  majority  of  components.  However,  in  order 
to  achieve  such  an  optimalization  of  the  entire  propulsion  system, 
the  designer  must  be  able  to  evaluate  accurately  the  "exchange  ratios" 
between  important  parameters  such  as  component  efficiency  and  weight. 

A  few  such  "exchange  ratios",  arising  from  propellant  characteristics, 
are  derived  and  presented  herein. 

3.  GENERAL  REQUIREMENTS  FOR  ROCKET  PROPELLANTS 

The  properties  and  characteristics  of  a  propellant  may  he 
established  completely  by  a  set  of  specifications  presenting  the  chem¬ 
ical  and  physical  data  that  define  a  specific  propellant.  In  review, 
some  general  characteristics  that  may  he  considered  to  he  ideal  in 
evaluating  a  rocket  propellant  are : 

a)  high  available  energy  of  combustion  gases, 

b)  stable  combustion  characteristics, 

c)  thermal  and  shock  stability, 

-  d)  high  logistic  availability  at  low  cost, 

e)  low  vapor  pressure, 

f)  low  freezing  point, 
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g)  low  toxicity,  and, 

h)  low  corrosivity. 

High  available  energy  of  the  combustion  gases  is  desirable 
since  this  energy  is  converted  directly  to  useful  propulsive  energy 
by  the  momentum  transfer  during  nozzle  expansion.  Stable  combustion 
characteristics  are  desirable  in  order  to  attain  reproducible  engine 
performance  and  avoid  erratic  operation  or  pressure  oscillations  that 
may  result  in  burnout  or  structural  failure  of  the  combustion  chamber. 
High  degrees  of  thermal  and  shock  stability  ensure  reliable  engine 
operation  and  safety  under  the  conditions  of  high  temperature  and  vi¬ 
bration  intensity  encountered  in  rocket  engines.  Logistic  availabil¬ 
ity  is  a  factor  that  must  be  given  a  great  deal  of  consideration, 
especially  for  large-scale  military  operations.  And  of  course  the 
ubiquitous  economic  consideration  —  low  cost  —  is  always  desirable. 
Problems  of  storing  and  pumping  liquid  propellants  are  reduced  greatly 
by  the  use  of  a  propellant  with  a  low  vapor  pressure.  A  low  freezing 
point  is  desirable  since  the  operating  temperature  range  may  be  ex¬ 
tended  to  cover  wider  environmental  conditions.  The  advantages  of  . 
low  toxicity  and  corrosivity  are  obvious  from  the  standpoint  of  per¬ 
sonnel  safety,  handling  complexity  and  deterioration  of  hardware. 

The  general  definitive  propellant  characteristics,  listed 
above,  all  affect  the  design  requirements  of  a  rocket  engine.  How¬ 
ever,  further  consideration  will  be  given  to  certain  of  these  general 
properties,  and  a  more  detailed  evaluation  will  be  made  of  the  effects 
of  additional  specific  characteristics. 

k.  EFFECTS  OF  PROPELLANT  PROPERTIES  ON  PROPULSION  SYSTEM  DESIGN 
k.l.  GAS  PROPERTIES  OF  THE  WORKING  FLUID 

The  primary  working  fluid  of  the  rocket  engine  is  the  high 
energy  gas  resulting  from  the  combustion  of  the  propellants  in  the 
combustion  chamber.  Since  the  thermal  energy  of  this  gas  is  utilized 
for  propulsive  purposes  by  expansion  of  the  gas  to  high  velocity,  it 
is  obvious  that  the  thermodynamic  properties  of  the  gas  will  influence 
the  overall  design  of  the  propulsion  system  to  a  large  extent  by  es¬ 
tablishing  required  flow  rates,  pressures  and  thrust  chamber  geometry 
for  the  desired  thrust  level. 

The  performance  of  a  specific  propellant  combination  may  be 
expressed  in  terms  of  its  specific  impulse.  The  specific  impulse,  I  , 
may  be  considered  to  be  equivalent  to  the  inverse  of  the  specific  pro¬ 
pellant  consumption  and  may  be  defined  as  the  total  propulsive  impulse 
developed  per  unit  weight  of  propellant  consumed  using  symbols  defined 
at  end  of  text: 


yy  jt  '  — — (i) 
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or,  instantaneously, 


The  specific  impulse  of  a  propellant  undergoing  ideal 
expansion,  i.e.,  with  the  static  pressure  at  the  nozzle  exit  equal 
to  the  ambient  pressure,  may  be  expressed  in  the  familiar  terms  of 
the  thermodynamic  properties  of  the  combustion  gases. 


Since,  for  a  perfect  gas,  1?u.  "pfc  -  Tc  f  which 

in  consistent  units,  is  equal  to  the  total  enthalpy  or  available 
energy  of  the  gas  measured  above  zero  degrees  absolute,  it  is  appar¬ 
ent  that  the  available  energy  must  be  a  maximum  for  high  performance. 
This  Indicates  that  maximum  specific  impulse  will  be  obtained  near 
the  stoichiometric  mixture  ratio  of  oxidizer  to  fuel. 


A  survey  of  the  specific  impulse  of  various  propellant  com¬ 
binations  will  indicate  that  even  the  most  advanced  chemical  propel¬ 
lants  will  yield  only  about  a  50$  increase  in  performance  over 
current  operational  propellants.  The  nuclear  rocket  power  plant  has 
the  potentiality  of  increasing  the  specific  impulse  obtainable  by 
several-fold.  For  approximate  comparisons.  Equation  (3)  may  be  re- 


If  we  assume  that  gas  temperatures  in  a  nuclear  power  plant  will  not 
exceed  those  currently  attained  in  rocket  combustion  chambers  (ap¬ 
proximately  6000R)  due  to  material  limitations,  the  specific  impulse 
ratio  will  be  (assuming  molecular  hydrogen  as  a  nuclear-heated  work¬ 
ing  fluid)  , 


Ts  nut. 


Therefore,  the  advent  of  a  successful  nuclear  rocket  power  plant  uti¬ 
lizing  molecular  hydrogen  as  the  working  fluid  would  increase  the 
specific  impulse  by  approximately  a  factor  of  three  over  current 
chemical  propellants  having  combustion  gas  molecular  weights  of  the 
order  of  25.  However,  such  gains  in  specific  impulse  may  be  par¬ 
tially  offset  by  the  increase  in  empty  weight  of  a  vehicle  employing 
a  nuclear  power  plant  as  compared  to  a  chemical-powered  rocket.  In 
addition,  the  low  mass  ratio  that  is  inherent  in  a  liquid  hydrogen 
system  (because  of  the  low  density,  sp.  gr.  =*  0.0?)  results  in  addi¬ 
tional  losses  in  missile  performance  as  will  be  discussed  later. 
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In  summary,  it  may  be  aeon  from  Eq.  (3)  that  the  thermody¬ 
namic  properties  of  the  combustion  gases  arc  of  primary  Importance  in 
establishing  the  performance  level  of  a  given  propellant  combination. 
In  addition  to  determining  the  specific  impulse,  or  impulse  per  unit 
of  propellant  mass  flow,  these  gas  properties  (specific  heat  ratio, 
molecular  weight,  and  combustion  flame  temperature)  exert  considerable 
influence  in  establishing  design  data  such  as  nozzle  throat  area, 
expansion  area  ratio,  and  regenerative  coolant  requirements.  Since 
the  potential  increase  In  the  performance  of  chemical  propellants  is 
apparently  not  great  (even  nuclear  rockets  employing  molecular  hydro¬ 
gen  would  increase  current  performance  by  a  meager  factor  of  three), 
an  evaluation  must  be  made  of  the  effects  of  specific  impulse  changes 
on  the  characteristics  of  rocket-powered  vehicles. 

4.1.1.  THRUST  CHAMBER  GAS  PROPERTIES  (After  Reference  (l) 

In  order  to  evaluate  the  effects  of  changes  in  the  available 
energy  of  the  primary  working  fluid  (or  specific  impulse)  on  rocket 
propulsion  system  performance,  a  reasonable  performance  parameter  must 
be  evolved  upon  which  to  conqpare  the  efficacies  of  such  systems. 
Furthermore,  such  a  general  parameter  should  be  applicable  to  the  com¬ 
plete  spectrum  of  rocket-powered  vehicles,  from  booster  applications 
with  low  effective  mass  ratios  to  long-range  ballistic  missiles  or 
multi-staged  vehicles  of  high  mass  ratio.  The  rocket  propulsion  sys¬ 
tem  is  such  an  Integral  part  of  the  vehicle  in  which  it  is  installed, 
that  the  performance  may  he  evaluated  only  with  respect  to  its  intend¬ 
ed  application,  and  each  engine  -  vehicle  combination  must  be  con¬ 
sidered  separately. 

Although  it  first  appears  that  the  powered  flight  character¬ 
istics  of  a  low-mass-ratio  rocket-powered  booster  vehicle  may  vary 
significantly  from  those  of  a  high-mass-ratio  ballistic  vehicle,  a 
closer  examination  indicates  a  great  similarity.  The  objective  of  the 
booster  vehicle  is  to  produce  sufficient  impulse  to  boost  a  specified 
payload  to  a  desired  terminal  velocity,  independent  of  range  consider¬ 
ations.  Indirectly,  the  range  objectives  of  a  ballistic  vehicle  dic¬ 
tate  the  similar  need  for  a  specified  payload  velocity  at  the  end  of 
the  propellant  burning  period.  It  thus  appears  that  terminal  (or 
burnout)  velocity  constitutes  a  reasonable  parameter  upon  which  to 
base  a  comparison  of  propulsion  system  designs. 

In  the  consideration  of  small  changes  in  a  specific  trajec¬ 
tory,  the  initial  acceleration,  the  work  done  against  gravity,  and 
vehicle  drag  may  he  considered  as  small  constant  quantities  without 
incurring  significant  errors.  Neglecting  these  tenns,  the  expression 
for  the  burnout  velocity  reduces  to  the  familiar  expression  for  the 
ideal  terminal  velocity, 
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which  may  be  written, 

3 c  I  * 


(7) 


The  ideal  terminal  velocity,  as  defined  by  Eq.  (7),  nay 
then  be  used  as  a  criterion  of  relative  merit  for  the  evaluation  of 
competing  propulsion  systems  for  a  specific  application. 

Eq.  (7)  oay  be  expressed  in  logarithmic  differential  fora 
for  convenience  in  determining  partial  effects  of  specific  impulse 
and  mass  ratio  on  the  terminal  velocity, 


*  JLjc  +JLl  +  JL  (AZn). 


(8) 


Differentiating  and  forming  the  linearized  error  equation. 
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,  substituting  in  Eq.  (9) ,  ^^3  -  -  s/dAg 
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(10) 


Since  all  changes  are  considered  to  be  small  in  magnitude 
for  this  study,  performance  changes  may  be  expressed  in  finite  dif¬ 
ferential  form. 


zYb  _  i  /  ^  _  AjAjgN 
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If  the  various  missile  systems  to  be  evaluated  are  assumed 
to  have  the  same  gross  veight  at  take-off,  then  —  O  . 


Equation  (ll)  then  becomes. 


_  Al  J_  /£W«\ 
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(12) 


Equation  (12),  plotted  indirectly  in  Figure  2,  shows  the 
relationship  existing  between  weight  and  impulse  variations,  along 
with  their  resulting  effects  on  the  relative  parameter  (V^).  The 
partial  effects  of  specific  impulse  are  seen  to  be  independent  of 
mass  ratio,  whereas  the  empty  weight  variation  has  a  different  curve 
for  each  mass  ratio.  It  is  interesting  to  note  that  the  "break-even" 
point  at  which  a  specific  impulse  change  has  an  effect  equal  to,  but 
algebraically  opposite  from,  an  empty  weight  change  of  the  same 
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amount  occura  at  the  "natural  maos  ratio,"  or  R^  *  e  ■  2.710+, 

It  is  also  evident  from  Figure  2  that,  for  maos  ration 
greater  than  ”e”,  specific  impulse  changes  have  a  greater  effect  on 
performance  than  weight  changes,  while  the  converse  is  true  for  mass 
ratios  less  than  "e".  This  indicates  that,  in  general,  the  greatest 
improvements  in  range  can  be  realized,  for  vehicles  with  large  mass 
ratios  such  as  long-range  ballistic  missiles,  by  increasing  the  over¬ 
all  specific  impulse,  even  at  the  expense  of  added  weight.  At  the 
same  time,  for  small -mass-ratio  vehicles,  such  as  "assist  take-off" 
units  or  booster  rockets,  the  greatest  improvements  in  performance 
may  be  realized  by  reducing  the  vehicle  empty  weight.  Both  of  the 
foregoing  conclusions  are  based  on  the  assumption  that  efficiency 
changes  and  weight  changes  would  require  equal  effort  to  achieve. 

The  approximate  method  of  evaluation  developed  herein 
should  produce  accurate  results  for  the  changes  of  small  magnitude 
considered.  A  comparison  showed  that  the  results  of  this  method  of 
evaluation  agreed  almost  exactly  with  digital  computer  solutions  of 
the  weight  vs.  impulse  relations  for  two  rocket-powered  vehicle  appli¬ 
cations  as  determined  from  complex  step-by-step  analyses  of  the  tra¬ 
jectories.  The  linear  approximations  are  valid  within  the  range  of 
about  ±  3  per  cent  variation  in  vehicle  terminal  weight. 

Figure  2  may  then  be  used  to  evaluate  the  effects  of  chan¬ 
ges  in  propellant  specific  impulse  on  missile  performance.  This 
method  is  confined  to  the  study  of  events  occurring  during  a  single 
stage  of  rocket  engine  operation.  However,  multi-staged  vehicles 
may  be  studied  also,  since  the  final  velocity  is  the  sum  of  the 
velocity  changes  for  each  stage.  The  overall  performance  may  then 
be  evaluated  by  considering  each  stage  separately  and  combining  the 
results. 

Figure* 2  may  be  used  also  to  evaluate  the  effects  of  small 
changes  in  vehicle  empty  weight  due  to  structural  or  component  weight 
changes.  In  addition,  the  "exchange  ratios"  may  be  established  be¬ 
tween  weight  and  swan  impulse  changes  due  to  variations  in  propel¬ 
lant  energy,  chamber  pressure,  combustion  temperature,  molecular 
weight,  mixture  ratio,  etc. 

4.1.2.  AUXILIARY  GAS  PROPERTIES  (After  Reference  (1) 

The  overall  specific  impulse  of  a  rocket  propulsion  system 
is  affected  to  a  significant  degree  by  the  consumption  of  propellants 
by  components  and  sub-systems  other  than  the  main  thrust  chamber. 
Therefore,  the  efficiency  and  propellant  consumption  rate  of  auxil¬ 
iary  drives  —  typified  by  the  main  turbopump  turbine  of  Figure  lb  — 
assume  importance."  However,  the  loss  in  energy,  represented  by  the 
auxiliary  propellant  consumption,  may  be  partially  recovered,  since 
some  thrust  may  be  derived  from  the  exhaust  products  of  the  auxiliary 
drive  system.  The  effects  of  auxiliary  flow  rates  and  energy 
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recovery  from  the  exhaust  may  be  evaluated  in  the  following  manner: 

Overall  system  specific  impulse  may  be  expressed  in  terms 
of  the  thrust  and  propellant  flow  rates  of  both  the  main  thrust  cham¬ 
ber  and  the  auxiliary  drive  system; 


Y  *Fh  +  F 

which  may  be  expressed  as, 
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The  ratio  of  overall  syste^ specific  impulse  to  the  basic 
thrust  chamber  specific  impulse  may  then  be  written. 
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Finally,  if  the  generalized,  non-dimensional  form  is  denoted 
by  allowing  the  superscript  *  to  designate  the  ratio  of  a  parameter  to 
the  identical  parameter  for  the  main  thrust  chamber, 
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The  non-dimensional  equation  (19)  in  plotted  in  Figure  3 > 
with  generalized  overall  specific  impulse,  I*  ,  plotted  vs  the  gener¬ 
alized  auxiliary  flow  rate,  W*  with  generalized  auxiliary  exhaust 

impulse,  I*  as  a  parameter.  Figure  3  in  useful  in  determining 
aux, 

the  effects  of  auxiliary  propellant  consumption  rate  and  exhaust 
energy  recovery  on  the  overall  performance  of  a  rocket  propulsion  sys¬ 
tem. 

The  curves  of  generalized  auxiliary  exhaust  impulse  illus¬ 
trate  graphically  the  effects  of  thrust  recovery  from  the  auxiliary 
exhaust  system  by  covering  the  range  from  zero  energy  recovery 

( I *  ■  0)  to  that  equalling  the  specific  thrust,  of  the  main  thrust 

£LUX 

chamber  (l#aux  3  1).  The  case  of  zero  energy  recovery  (l»  =  0) 

would  occur  if  no  attempt  were  made  to  derive  thrust  from  the  auxil¬ 
iary  drive  exhaust,  or  if  the  exhaust  were  expelled  in  a  radial  direc¬ 
tion  -  noimal  to  the  main  thrust  axis.  The  limiting  condition  wherein 
I*  equals  unity  could  occur  in  an  ideal  "topping  turbine"  applica- 

tion,  wherein  the  auxiliary  drive  system  would  exhaust  into  the  injec¬ 
tor  end  of  the  main  thrust  chamber,  thereby  imposing  no  auxiliary 
flow  rate  penalty  on  the  system. 

Figure  3  then  presents  the  effects  of  variations  in  auxil¬ 
iary  gas  flow  rates  on  overall  propulsion  system  performance.  Such 
flow  variations  may  result  from  either  variations  in  available  energy 
of  the  auxiliary  gases  at  a  given  power  level  or  from  variations  in 
the  power  level  itself.  Figure  3  nay  he  used  in  conjunction  with 
Figure  2  to  evaluate  the  overall  effects  of  a  change  in  auxiliary 
power  components  or  working  fluid.  Figure  3  would  be  used  to  evaluate 
the  change  in  overall  specific  impulse  resulting  from  a  change  in 
auxiliary  flow  rate.  Figure  2  would  then  be  used  to  determine  the 
allowable  weight  change  for  the  desired  change  in  burnout  velocity. 

In  this  manner,  reasonable  decisions  can  be  made  regarding  the  weight 
and  efficiency,  or  available  energy  of  the  auxiliary  working  fluid. 
This  is  especially  important  in  the  consideration  of  rocket  engine 
turbomachinery  since  the  turbine  working  fluid  may  have  unusual  prop¬ 
erties  resulting  from  off-stoichiometric  combustion  cf  bipropellants 
in  a  gas  generator.  Excess  fuel  is  generally  used  in  such  cases  as  a 
diluent  to  provide  temperatures  low  enough  for  turbine  use.  This 
excess  fuel  vapor  in  the  combustion  gases  may  produce  unusual  gas 
properties,  especially  if  the  vaporized  fuel  is  of  the  heavy  hydro¬ 
carbon  type  having  very  low  values  of  specific  heat  ratio 
(  V  =*  1*02  -  1.05)  and  low  compressibility  factors  (H  **  *75)* 

4.2.  VAPOR  PRESSURE 

The  vapor  pressure  of  liquid  rocket  propellants  is  of 
major  importance  in  establishing  design  requirements  for  the  rocket 
propulsion  system.  Rocket  propellant  systems  are  somewhat  unique  in 
this  respect,  as  it  is  common  for  a  propellant  to  be  a  liquefied  gas 
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or  other  low-boiling- tempera tui'e  fluid  vith  high  vapor  pressure;  for 
example,  liquid  oxygen  has  a  normal  boiling  temperature  (vapor  pres¬ 
sure  equals  14.7  psia)  of  -297°  F. 

In  addition  to  the  effects  on  combustion  resulting  from 
atomization  of  propellants  during  injection  into  the  combustion  zone, 
the  vapor  pressure  exerts  its  influence  in  two  regions  of  interest: 

fa^  the  main  propellant  tank3,  and, 

(b)  the  propellant  feed  system. 

4.2.1.  MAIN  PROPELLANT  TANKS 

The  ullage  space  above  the  propellant  in  the  main  tank  is 
pressurized  (usually  with  a  pressurant  gas)  for  several  reasons  which 
are  outlined  below. 

Tank  pressure  is  employed,  in  some  cases,  as  a  load-carrying 
medium  to  strengthen  integral  tank-airframe  structures  against  the 
compressive  and  bending  loads  imposed  by  flight  accelerations,  maneu¬ 
vers,  or  aerodynamic  forces.  The  degree  to  which  tank  pressure  is 
utilized  for  this  purpose  is  dependent  upon  many  factors  and  should 
result  from  a  study  of  the  materials  and  type  of  structure  used  and 
the  "rate  of  exchange"  between  the  combined  weight  of  the  gas  pres¬ 
surization  system  and  the  savings  in  structural  weight  resulting  from 
the  employment  of  tank  pressure  as  a  structural  augmentation. 

Tank  pressure  is  also  employed  to  suppress  vaporization  of 
low-boiling-temperature  propellants.  Such  vaporization  may  result 
from  adiabatic  boiling  of  a  propellant  (initially  near  its  saturation 
temperature)  during  a  climb  to  high  altitude  and  low  ambient  pressure, 
or  from  aerodynamic  heating  during  static  or  flight  conditions.  The 
large  area-to-volume-ratio  cylindrical  tanks  generally  employed  in 
missile  configurations,  together  with  the  extreme  boundary  layer  tem¬ 
peratures  encountered  during  high  speed  flight,  may ‘result  in  high 
rates  of  heat  transmission  into  the  tanked  propellant.  However,  heat 
transfer  analysis  should  indicate  the  expected  maximum  propellant 
temperature  during  flight,  from  which  the  maximum  vapor  pressure  may 
he  determined.  Boiling  of  the  tanked  propellant,  with  its  attendant 
loss  in  propellant  mass  due  to  "boil-off"  or  over-board  venting  of 
evolved  vapor,  may  then  he  prevented  by  pressurization  of  the  tank  to 
a  pressure  level  in  excess  of  this  maximum  vapor  pressure.  An  inert 
gas,  such  as  nitrogen  or  helium,  is  used  as  a  pressurant  in  many 
instances  to  prevent  the  possible  formation  of  a  combustible  vapor 
mixture  in  the  tank,  with  the  subsequent  explosive  hazard. 

In  addition  to  the  above,  tank  pressure  is  also  maintained 
to  provide  an  adequate  "suppression  head"  in  order  to  prevent  cavi¬ 
tation  and  subsequent  "vapor- lock"  in  the  propellant  feed  system  or 
propellant  pumps.  This  factor  is  extremely  important  to  the  design 
requirements  of  the  pumps  and  the  inlet  ducting. 
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4.2.2.  PflOPELLANT  FEED  SYSTEM 

In  general,  the  high-pressure  feed  lines  of  a  pressure  or 
pump-fed  system  do  not  present  any  difficulties  arising  from  propel¬ 
lant  vapor  pressure.  The  critical  region  of  the  propellant  feed  sys¬ 
tem  is  in  the  low-pressure  inlet  ducting  upstream  of  the  main  propel¬ 
lant  pumps. 

At  the  pump  inlet  "eye",  the  relative  velocity  between  the 
low-pressure  propellant  flowing  into  the  pump  and  the  high-speed 
rotating  impeller  may  result  in  local  pressures  approaching  the  vapor 
pressure  of  the  propellant.  This  condition  is  generally  accompanied 
by  a  phenomenon  termed  ,,cavltation,,,  wherein  cavities,  or  bubbles,  of 
evolved  vapor  are  formed  in  the  fluid.  If  the  degree  of  cavitation 
is  severe  enough,  the  mass  of  vapor  evolved  may  "vapor-lock"  the 
pump,  reducing  its  performance.  Figures  4a  and  4b  show  Typical  cavi¬ 
tation  performance  curves  for  a  centrifugal  and  axial  pump,  respec¬ 
tively.  At  constant  conditions  of  pump  speed  and  flow,  the  head 
developed  by  the  pump  is  seen  to  decrease  as  the  suction  head  to  the 
pump  is  decreased.  However,  the  characteristics  of  the  head  decrease 
caused  by  cavitation  are  significantly  different,  as  shown  by  Figure 
4a  and  4b.  The  head  developed  by  the  axial  pump  decreases  gradually 
as  suction  pressure  decreases,  whereas  the  centrifugal  pump  shows 
relatively  little  effect  until  a  critically  low  value  of  suction  head 
is  reached,  at  which  time  the  head  breaks  down  completely  as  the  im¬ 
peller  "vapor-locks".  This  operating  characteristic  is  extremely 
important  in  rocket  engine  systems  as  the  pumping  requirements  are 
such  that  centrifugal  pumps  are  employed  almost  universally,  with 
axial  pumps  being  relegated  to  special  use  purposes. 

4.2.3.  PUMP  INLET  PRESSURE  REQUIREMENTS 


As  shown  in  Figure  4a  the  head  developed  by  a  centrifugal 
pump  is  relatively  unaffected  by  pump  inlet  pressure,  provided  the 
^nlet  pressure  is  high  enough  to  suppress  cavitation  entirely.  A 
parameter  that  is  used  to  express  the  approach  of  pump  inlet  pres¬ 
sure  to  a  cavitating  condition  is  the  net  positive  suction  head  (NPSH 
or  H  ).  The  NPSH  is  defined  as  the  total  absolute  pump  inlet  pres¬ 
sure  8Vin  excess  of  the  propellant  vapor  pressure,  expressed  in  feet 
of  the  fluid. 


(20) 


In  order  to  suppress  cavitation  with  its  accompanying  loss 
in  pump  performance,  it  is  necessary  to  maintain  a  minimum  or  required 
value  of  NPSH.  This  required  NPSH  is  usually  defined  arbitrarily  as 
the  value  equivalent  to  a  small  decrease  in  head  (usually  1$)  prior  to 
the  cavitation  break-down  of  a  centrifugal  pump  (point  (X,  Fig  4a). 

The  required  NPSH  is  coupled  to  pump  operational  characteristics  by 
the  parameter,  suction  specific  speed(s),  which  is  defined: 
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The  suction  specific  speed(s)  is  an  expression  of  the 
steady-state  cavitation  resistance  or  suction  performance  of  a  pump, 
and  is  used  primarily  for  comparisons: 

s  >  8,000  good  commercial  design), 

s  a  12,000  'excellent  for  radial  impellers), 

sa  16,000  (theoretical  maximum  for  radial  impellers). 

Socket  engine  propellant  pumps  are  often  required  to  operate  with 
suction  specific  speeds  in  excess  of  12,000  because  of  the  high  pump 
speeds  and  low  inlet  pressure  necessary  to  minimize  the  empty  weight 
or  the  missile  system. 

4.2. If.  STARTING  TRANSIENTS 

The  starting  of  a  pump-fed  rocket  engine  involves  the  rapid 
acceleration  of  the  column  of  liquid  in  the  inlet  duct  during  the 
period  of  time  when  the  pump  speed  is  increasing  from  zero  to  steady- 
state  operating  rpm.  Since  a  portion  of  the  available  inlet  head  is 
absorbed  as  a  momentum  loss  during  the  transient  acceleration  of  the 
liquid  column,  the  total  pump  inlet  head  required  prior  to  starting 
must  be  higher  than  is  Indicated  from  steady-state  operating  condi¬ 
tions.  Therefore,  exact  details  must  be  known  regarding  inlet  duct 
length,  diameter  and  frictional  characteristics  as  well  as  instantan¬ 
eous  values  of  pump  speed  and  flow  rate  before  the  minimum  value  of 
starting  NPSH  may  be  established. 

The  acceleration  of  the  column  of  liquid  in  the  inlet  duct 
during  the  pump  starting  transient  is  an  unsteady  flow  condition  that 
may  be  approximated  and  analyzed  as  follows: 

Three  major  effects  must  be  accomplished  during  the  tran¬ 
sient  flow  condition;  namely, 

a)  overcome  system  friction  and  other  hydraulic  losses 

b)  impart  velocity  head  to  the  liquid  column,  and 

c)  accelerate  the  liquid  column  from  rest  to  the  steady- 
state  flow  velocity. 


Therefore,  neglecting  any  system  impedances  except  fric¬ 
tional  resistance,  entrance  losses,  etc.,  the  static  head  loss 
required  to  accomplish  the  above  three  effects  may  be  expressed  from 


non- steady  flow  considerations, 
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Since  total  head  is  more  meaningful  in  the  consideration  of  NPSH,  Eq. 
(22)  may  be  modified  by  neglecting  velocity  head  changes, 
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The  pump  inlet  pressure  required  prior  to  engine  starting  may  then  be 
determined  by  a  simultaneous  solution  of  the  conditions  for  required 
and  available  inlet  pressures. 

The  required  NPSH  during  rocket  engine  starting  may  be 
plotted  versus  time  by  employing  equation  (21),  assuming  a  constant 
suction  specific  speed.  Theoretical  and  teat  results  indicate  that 
the  assumption  that  suction  specific  6peed  is  constant  during  the 
pump  starting  transient  is  probably  conservative.  It  is  presumed  that 
test  data  have  established  accurate  knowledge  of  pump  suction  specific 
speed,  together  with  transient  values  of  pump  speed  and  propellant 
flow  rates  versus  time.  Figure  5a  shows  a  typical  plot  of  required 
NPSH  versus  time. 

Total  head  loss  due  to  inlet  duct  and  momentum  losses  dur¬ 
ing  the  starting  period  may  then  be  determined  in  a  similar  manner, 
employing  equation  (23),  inlet  duct  length,  diameter,  and  frictional 
characteristics.  Figure  5b  shows  a  typical  plot  of  total  head  loss 
required  to  satisfy  the  required  duct  flow  condition3- 

The  NPSH  required  prior  to  engine  starting  in  order  to 
ensure  non-cavitation  of  the  propellant  pumps  during  the  starting 
transient  may  then  be  determined  by  superimposing  the  transient  head 
loss  curve  (Figure  5b)  on  the  required  NPSH  curve  (Figure  5&)  as 
shown  in  Figure  6.  (Note  the  inversion  of  the  head  loss  curve  to 
make  the  algebraic  signs  compatible.)  The  ordinate  of  the  head  loss 
curve  should  then  be  adjusted  in  such  a  manner  that  the  "inertial 
dip"  that  will  occur  in  the  region  of  maximum  duct  flow  acceleration 
lies  above  (or  just  touches)  the  pump  required  NPSH  curve.  In  this 
manner  the  NPSH  available  at  time  zero  and  throughout  the  starting 
transient  may  be  determined  (Figure  6) .  The  total  pump  inlet  head 
required  at  zero  time  may  be  determined  by  adding  the  propellant 
vapor  pressure  head  to  the  NPSH  value.  Actual  tank  pressure  require¬ 
ments  may  then  be  determined  from  the  hydrostatic  and  pressure  head 
relations. 

*•  -•4.-  '  ■  . 

From  the  discussions  in  the  several  preceding  sections,  it 
is  apparent  that  the  propellant  vapor  pressure  plays  a  very  important 
role  in  establishing  the  requirements  for  propellant  tank  pressures 
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in  order  to  minimize  the  amount  of  propellant  loss  duo  to  rapid  vapor 
evolution  under  ntatlc  or  flight  condi tlonn.  In  addition,  it  was  seen 
that  the  vapor  pressure  must  also  be  given  careful  consideration  in 
conjunction  with  the  propellant  feed  system  to  insure  adequate  "sup¬ 
pression  head"  at  the  pump  inlets  and  thus  avoid  extreme  cavitation 
or  "vapor-lock"  of  the  propellant  pumps  during  the  starting  transient 
as  well  as  steady-state  engine  operation.  It  may  then  be  concluded 
that  the  propellant  vapor  pressure  exerts  a  great  influence  on  the 
design  requirements  of  on  integrated  rocket  engine  and  propellant  feed 
system  and  also  on  Individual  feed  system  components  such  as  pumps, 
tanks,  ducts,  etc. 

4.3.  PROPELLANT  DENSITY 

In  addition  to  determining  the  volumetric  propellant  tank 
capacityof  a  rocket-powered  vehicle,  liquid  propellant  density  ha3 
many  effects  upon  the  propulsion  system.  Since  an  optimalization  of 
the  tank  volume  requirements  involves  a  detailed  study  of  the  densi¬ 
ties  of  both  the  oxidizer  and  fuel  and  the  mixture  ratio  of  the 
specific  propellant  combinations  under  consideration,  the  effects  on 
tank  storage  volume  will  not  be  discussed  herein.  A  general  state¬ 
ment  may  be  made  to  effect  that,  in  order  to  minimize  the  overall 
size  of  the  vehicle  and  propellant  tanks,  a  high  propellant  density 
in  the  liquid  form  is  considered  desirable. 

4.3.1.  EFFECT  OF  DENSITY  ON  PUMP  DESIGN 

The  fluid  head  developed  by  a  centrifugal  pump  Is  generated 
by  virtue  of  the  energy  transmitted  by  the  impeller  to  the  fluid  as 
It  passes  through  the  pump.  The  developed  head  is  therefore  depend¬ 
ent  upon  the  impeller  rotational  speed  or  peripheral  velocity.  The 
pressure  rise  across  the  pump  is  then  equal  to  the  product  of  the 
developed  head  and  density  of  the  fluid. 
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In  order  to  minimize  pump  weight  and  complexity,  it  is 
desirable  to  limit  rocket  engine  propellant  pumps  to  single-stage 
designs.  However,  for  propellants  of  extremely  low  density,  for 
example,  liquid  hydrogen  (Sp.  gr  =  0.07),  it  may  be  necessary  to  em¬ 
ploy  multi-stage  pump  designs  in  order  to  attain  the  discharge  pres¬ 
sures  required  for  moderate  thrust  chamber  pressures,  yet  not  exceed 
reasonable  impeller  velocities. 


The  head  development  characteristics  of  a  pump  may  be  ex¬ 
pressed  in  terms  of  the  dimensionless  head  coefficient,  tp  =  , 

/  t(z 

(Reference  2).  For  a  typical  value  of  y'zd>GO  at  the  design  point, 
we  may  write. 
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Substituting  for  the  pump  pressure  rise  in  terms  of  developed  head 
and  propellant  density,  equation  ( 24 )  may  be  rewritten  as. 


Equation  (25)  is  presented  graphically  in  Figure  (7). 

Stress  limitations  on  the  impeller  vanes  and  shrouds  will  limit  the 
allowable  impeller  peripheral  velocity  to  a  maximum  value,  typically 
about  500  feet  per  second.  The  cross-hatched  area  of  Figure  (7) 
Indicates  a  maximum  impeller  velocity  of  500  feet  per  second  as  the 
approximate  limit  for  single  stage  pump  designs.  It  may  be  seen  that 
for  even  moderate  chamber  pressures  (requiring  a  pump  pressure  rise 
of  500  psia,  say)  a  fluid  specific  gravity  of  0.20  or  less  will  re¬ 
quire  a  multi-stage  pump  design.  For  example,  a  liquid  hydrogen 
(sp.  gr.  approximately  0.07)  pump  operating  under  these  conditions 
would  require  a  tvo-or-three  stage  design,  depending  upon  the  exact 
impeller  design  speed. 

Thus,  it  may  be  seen  that  the  propellant  density  may  exert 
a  significant  effect  on  the  detailed  design  requirements  of  rocket 
engine  components,  such  as  propellant  pumps. 

4.3*2.  EFFECTS  OF  PROPELLANT  DENSITY  ON  OVERALL  ENGINE  SYSTEMS 

It  is  of  further  interest  to  evaluate  the  effects  of  pro¬ 
pellant  densities  on  the  steady-state  operating  conditions  of  a  rocket 
propulsion  system.  This  may  be  accomplished  by  means  of  "influence 
coefficients",  that  express  the  effects  of  engine  independent  vari¬ 
ables  such  as  propellant  densities,  atmosphere  pressure,  inlet  pres¬ 
sures,  etc.,  on  engine  dependent  variables  such  as  thrust,  pump 
speed,  propellant  flow  rates,  mixture  ratio,  etc. 

The  determination  of  engine  influence  coefficients  is 
accomplished  by  solving  the  system  of  simultaneous  equations  that 
describe  the  characteristics  of  each  component  and  sub-system  of  the 
rocket  engine.  The  system  of  equations  may  be  linearized  first  by 
partial  differentiation  and  then  solved  for  the  dependent  variables 
in  terms  of  the  independent  variables.  Non-linear  solutions  are  also 
useful  but,  for  the  consideration  of  small  changes  in  independent 
variables,  the  advantages  of  a  linearized  analysis  are  significant, 
e.g., 

(a)  The  set  of  linearized  equations  may  be  solved  by 
formalized  methods  such  as  matrix  methods  and  may 
be  solved  directly  on  a  high-speed  digital  computer. 

00  The  principle  of  superposition  is  valid  for  a  linear¬ 
ized  system  and  allows  the  total  effect  of  simultan¬ 
eous  changes  in  two  or  more  independent  variables  to 
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be  obtained  by  simple  algebraic  addition  of  the 
individual  effects. 

(c)  The  results  of  a  linearized  analysis  may  be  presented 
in  a  compact  table  of  "influence  coefficients",  expres¬ 
sing  the  effects  of  generalized  (percentage)  changes  in 
any  of  the  independent  variables. 

If  a  system  equation  expressing  the  functional  relation 
between  a  dependent  variable  and  several  independent  variables  is  of 
the  form, 

y  =?  f(x>  >  **  > . v  >  - (a6) 

differentiation  yields 

i =  M,^1  *J£  - <aT> 

Generalization  may  be  accomplished,  in  order  to  express  the  effects 
of  percentage  changes  among  the  variables,  by  rewriting  equation  (27), 
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The  influence  coefficients  at  any  specific  operating  con¬ 
dition  (design  point,  say)  may  then  be  determined  by  substituting  the 
design  values  of  the  dependent  variable,  y,  the  independent  variables, 
x.,  and  the  partial  derivatives  obtained  during  linearization  of  the 
equations.  The  result  will  then  be  a  numerical  relation  between  the 
variables  of  interest  of  the  form. 


- (29) 

y  A/  A'j.  r*\ 

The  coefficients,  a^,  a^,  afl,  are  the  "influence  coefficients" 

that  describe  the  relation  between  percentage  changes  of  the  variables. 
These  values  are  exact  only  at  the  design  point  but  are  assumed  to  be 
constant  throughout  small  perturbations  about  the  design  points. 

Tables  I  and  II  present  typical  influence  coefficient 
tables  for  a  pressure-fed  and  pump-fed  system,  respectively.  It  may 
be  of  interest  to  note  that  Tables  I  and  II  are  small  portions  of 
complete  tables  of  influence  coefficients  that  describe  the  charac¬ 
teristics  of  two  current  Rockotdyne  production  engines.  The  nominal 
values  of  operating  conditions  have  been  omitted.  It  should  be  noted 
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further  that,  although  they  characterize  typical  engines,  the  in¬ 
fluence  coeff Icientn  of  Tables  I  and.  II  may  riot  be  considered  typical, 
but,  rather,  as  examples.  The  influence  coefficient  values  depend 
upon  the  nominal  operating  conditions  and  the  interactions  of  the 
various  system  elements}  therefore  each  propulsion  system  must  be 
considered  as  a  unique,  integrated  system  having  its  own  individual 
characteristics.  The  influences  of  control  systems  are  especially 
strong  because  of  the  constraints  imposed  on  the  engine  by  mixture 
ratio  controls,  thrust  controls,  or  other  special  control  systems. 

5.  CONCLUSION 

In  the  foregoing  sections,  a  few  of  the  effects  of  propel¬ 
lant  properties  on  the  design  requirements  of  rocket  propulsion  sys¬ 
tems  have  been  discussed.  Some  of  the  aspects  of  the  thermodynamic 
properties  of  the  working  fluids  have  been  evaluated,  both  the  main 
thrust  chamber  combustion  gas  and  the  auxiliary  power  system  gas  flow. 
The  propellant  vapor  pressure  has  been  shown  to  exert  considerable 
influence  on  the  design  requirements  of  rocket  propulsion  systems  and 
components.  These  effects  have  been  discussed  with  regard  to  main 
propellant  tanks,  propellant  feed  systems  and  pump  operation  during 
transient  and  steady-state  conditions.  The  effects  of  propellant 
density  on  pump  design  and  overall  engine  systems  are  discussed.  The 
general  methods  of  analysis  presented  should  allow  the  system  design¬ 
er  to  make  design  compromises  on  the  basis  of  approximate  exchange 
ratios  between  important  parameters  and  thus  effect  the  progress  of 
a  system  design  toward  optimality. 
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NOMENCLATURE 


diameter,  propellant  duct 
thrust 

thrust,  auxiliary  exhaust 

thrust,  main  thrust  chamber 

friction  factor.  Fanning 
gravitational  conversion  factor 

head,  developed 
head,  pump  inlet  static 

head  loss,  duct  frictional 

head,  net  positive  suction  (NPSH) 

head,  vapor  pressure 

specific  impulse,  auxiliary  exhaust 

specific  impulse,  main  thrust  chamber 

specific  impulse,  overall  engine 

specific  impulse 

hydraulic  loss  coefficient 
length,  propellant  duct 
molecular  weight,  combustion  gas 

empty  mass,  weight 

takeoff  mass,  weight 

rotational  speed 

pressure,  thrust  chamber  stagnation 

pressure,  nozzle  exit 

pressure  change 

flow  rate,  volumetric 
mass  ratio,  takeoff  to  empty 

gas  constant,  universal 

suction  specific  speed, 

temperature,  combustion  gas 

velocity,  tangential 
velocity,  missile  burnout 

velocity 


Units 

consistent 
lb  force 
lb  force 

lb  force 

dimensionless 
lb- ft/sec  -lb 

ft  fluid 
ft  fluid  (abs.) 

ft  fluid 

ft  fluid  (abs.) 

ft  fluid  (abs.) 

lb-sec/lb 

lb-sec/lb 

lb-sec/lb 

lb-sec/lb 

dimens ionle s s 

consistent 

gram/mole 

consistent 

consistent 

rpm 

psia 

psia 

psi 

gal/ain 

dimensionless 

consistent 

consistent 

°R 

ft/ sec 
ft/sec 

ft/sec 
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NOMKNCLATURE  (Continued) 


Symbol 


Units 


velocity,  nozzle  exit 

velocity,  pump  inlet 

flow  rate,  gravimetric 

flow  rate,  auxiliary  gas  system 

flow  rate,  main  thrust  chamber 

ratio  of  specific  heats 

density 

Euler's  head  coefficient 


ft/sec 

ft/sec 

lb/sec 

lb/sec 

lb/sec 

dimensionless 

consistent 

dimensionless 


Superscripts 

-  denotes  effective  average  value 

*  denotes  ratio  of  parameter  to  that  of  main  thrust  chamber 
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TABLE  I. 


Influence  of  Propellant  Densities  on  the  Characteristics 
of  a  Typical  Pressure-Fed  Rocket  Propulsion  System 


Affected 

Variable 

Oxidizer  Flow  Rate 
Fuel  Flow  Rate 
Mixture  Ratio 
Thrust 

Specific  Impulse 
Chamber  Pressure 


EFFECT 

Percent  Change  Due  to  1  Percent  Increase  In: 
Oxidizer  Density  Fuel  Density 

+0.313  -0.048 

-0.151  +0.471 

+0.464  -0.519 

+0.243  +0.076 

+0.096  -0.062 

+0.220  +0.056 
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TABLE  II. 

Influence  of  Propellant  Densities  on  the  Characteristics 
of  a  typical  Pump-Fed  Rocket  Propulsion  System 

EFFECT 

Percent  change  due  to  a  1  percent  increase  in: 


Affected 

Variable 


Oxidizer  Density 

Fuel  Density 

Oxidizer  Flow  Rate 

+1.05 

-0.59 

Fuel  Flow  Rate 

-0.48 

+0-99 

Mixture  Ratio 

+1.53 

-1.58 

Thrust 

+0.58 

-0.02 

Specific  Impulse 

0.00 

+0.09 

Thrust  Chamber  Pressure 

+0.47 

+0.01 

Pump  Speed 

-0.12 

-0.24 

Turbine  Power 

+0.24 

-0.42 

Turbine  Gas  Temperature 

+0.13 

-0.59 
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(a)  PRESSURE-FED  1  . 

f  *«* 

(b)  TURBOPUMP-FED 


Figure  1 

PROPULSION  SYSTEM  SCHEMATICS 
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SYSTEM  PERFORMANCE  PARAMETER  CHANGE 


Wtux  *  •' -  FLOW  PARAMETER,  COMPONENT 


Figure  3 

GENERALIZED  INFLUENCE  OF  AUXILIARY  FLOW 
AND  IMPULSE  ON  OVER-ALL  SYSTEM  PERFORMANCE 
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(c.)  CENTRIFUGAL  PUMP 


Figure  4 


.TYPICAL  PUMP  CAVITATION  CHARACTERISE 
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NPSH  AT  PUMP  INLET 
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Figure  6 

PUMP  INLET  CONDITIONS  DURING 
STARTING  TRANSIENT 
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A  HON -COKIIIG  ETHYLENE  OXIDE  REACTOR 


Loren  C.  Smith 

Wyandotte  Chemicola  Corporation 
Wyandotte,  Michigan 


INTRODUCTION 

The  broad  objective  of  the  work  to  be  discussed  was  the  development 
of  a  practical  method  for  starting  ethylene  oxide  monofuel  reactors 
by  means  of  a  glow  wire  with  no  oxidizer  being  present.  In  carry¬ 
ing  out  that  work,  the  achievement  of  non-coking  operation  of  the 
hardware  being  developed  soon  emerged  as  an  important  secondary 
objective  in  the  program. 

The  decomposition  of  ethylene  oxide  entails  a  heat  transfer  into 
the  fuel  of  roughly  500  BTU/lb.  to  heat  the  fuel  to  its  auto -de¬ 
composition  temperature  of  571°C;  this  amounts  to  a  heat  input  of 
about  9000  watts /lb. /min.  Then  if,  for  example,  1000  watts  of  heat 
is  expended  into  a  stream  or  spray  of  fuel  injected  into  a  reaction 
chamber,  it  is  apparent  that,  if  the  flowrate  of  fuel  is  several 
lb. /min.,  an  even  distribution  of  energy  would  result  only  in  a 
rise  in  the  fuel  temperature  with  no  decomposition  at  all.  But, 
if  the  added  heat  is  confined  to  a  small  enough  fraction  of  the 
total  stream,  it  will  effect  the  decomposition  of  that  fraction; 
and  the  heat  release  from  the  decomposed  fraction  can  effect  the 
decomposition  of  another  larger  fraction,  etc.,  until  the  entire 
stream  is  decomposed.  In  general,  that  process  occurs  in  every 
electrical  start;  enough  of  the  injected  fuel  is  decomposed  by  the 
heat  source  to  effect  the  decomposition  of  the  remaining  portion. 

In  pursuing  this  problem  at  Wyandotte,  it  has  been  the  practice  to 
have  the  wattage  of  the  glow  wire  roughly  equal  to  the  rate  at 
which  the  fuel  absorbs  heat  from  the  glow  wire.  This  is  in  con¬ 
trast  to  the  method  whereby  heat  is  stored  at  low  wattage  over  a 
period  of  time  and  withdrawn  by  the  fuel  quickly  at  a  much  higher 
wattage.  The  practice  uoed  at  Wyandotte  was  adopted  because  it 
entails  the  most  efficient  U3e  of  the  electrical  energy  and  brings 
into  view  the  possibility  of  almost  instantaneous  starts. 

CONFIDENTIAL 


335 


‘  .  .  :,mi  i-n 

CONFIDENTIAL 

Toot  reaulta  obtained  early  in  the  program  Indicated  that  the  power  ' 
requirement,  would  bo  excessive  for  substantial  flow rate a  in  con¬ 
ventional  reactora;  attention  wna,  there  fore  ,  given  to  a  multistage 
design  in  which  each  stage  was  started  by  hot  gaaos  from  the 
preceding  stage,  with  electrical  heat,  energy  applied  only  to  a  small, 
low  flowrate  primary  chamber.  Not  only  does  the  multistage  reactor 
constitute  an  apparently  sound  theoretical  ba3is  for  achieving 
electrical  initiation,  but  it  entails  other  important  advantages 
a3  well.  It  offers  more  extensive  control  of  the  many  variables 
involved  in  electrical  initiation  than  does  a  conventional  reactor. 
The  controlled  impingement  of  streams  of  hot  gaa  from  one  stage 
upon  cold  liquid  streams  entering  the  next  stage  should  result  in 
increased  rates  of  heat  transfer  from  reacted  gases  to  incoming 
fuel  needed  to  improve  reaction  stability  at  low  operating  pressures 
and  to  permit  the  operation  of  ethylene  oxide  reactora  of  lower  L*. 
Another  important  advantage  is  that  the  multistage  design  may  permit 
the  experimental  determination  of  design  parameters  needed  to  de¬ 
sign  ethylene  oxide  reoction  chambers  for  specified  flowrates  and 
operating  conditions  with  a  high  probability  of  success. 

In  the  development  of  the  primary  chamber  for  the  multi-stage  re¬ 
actor  the  usual  coking  problem  appeared,  and  the  entire  development 
has  thus  far  centered  around  the  solution  of  this  coking  problem. 

The  coke  deposition  was  so  severe  that  reactors  would  fail  after 
only  a  few  minutes  running  time.  The  cooler  surfaces  in  the  re¬ 
action  chamber  were  free  of  coke  deposits,  in  sharp  contrast  to 
adjacent  surfaces  at  higher  temperatures.  It  was,  therefore, 
believed  that  the  coking  problem  might  be  solved  by  regeneratively 
cooling  the  surfaces  In  the  reactor.  This  Idea  was  the  basis  of 
several  successive  designs;  and  in  the  latest  design  the  problem 
of  coke  deposits  has  been  virtually  eliminated. 

The  principle  of  eliminating  coke  deposits  by  regenerative  cooling 
was  pursued  also  in  the  concurrent  development  of  a  very  small 
ethylene  oxide  reactor,  designed  to  operate  at  a  flowrate  of  les3 
than  1  lb. /hr.  for  a  period  of  eight  hours.  The  problem  there  was 
more  severe,  but  the  results  have  been  the  same;  the  coking  problem 
is  effectively  solved  by  regeneratively  cooling  the  reactor  surfaces. 

ELIMINATION  OF  COKING  BY  REGENERATIVE  COOLING 

Primary  Chamber  A. 

The  first  approach  to  the  problem  was  the  design  of  a  two  stage 
reactor  (see  Fig.  1)  comprising  primary  chamber  A  and  a  secondary 
chamber.  A  l/8"  diameter  carbon  rod  about  1"  long  was  chosen  as  the 
heater  because  of  its  rigidity  and  high  melting  point.  The  primary 
chamber  design  was  unconventional  in  that  the  internal  metal  parts 
were  designed  to  play  a  major  role  in  the  heat  transfer  from  reacted 
gases  to  incoming  fuel.  The  preheat  channel  in  this  design  was 
solely  for  the  purpose  of  heating  the  fuel,  with  no  concern  for 
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cooling  tho  walla.  The  Injector  for  the  uocond  stage  wan  a  mixing 
Injector  designed  to  effect  Impingement  of  hot  gas  streams  from  the 
primary  chamber  on  otronma  of  liquid  entering  the  oocondory  chamber. 

The  primary  chamber  woo  flrot  tested  alono  to  determine  its  running 
characteristics;  and  a  coking  problem  arose  which  was  no  oovere 
that  it  was  almost  prohibitive  as  far  os  tooting  the  secondary 
chomber  was  concerned.  The  primary  chamber  could  be  operated  for 
oply  a  few  minutes  before  the  coking  process  would  force  a  shutdown. 
At  extremely  low  flowrates,  polymer  residue  and  crumbs  of  carbon 
would  form  in  the  preheat  channel  and  carbon  would  form  in  the 
inner  chamber.  If  the  flowrate  was  increased,  the  deposition  did 
not  occur  in  the  preheat  channel  but  moved  entirely  into  the  inner 
chamber.  When  the  flowrate  was  increased  further,  the  carbon 
formation  (and  apparently  the  reaction  zone)  moved  out  of  the  inner 
chomber  into  the  main  spiral  channel.  The  increase  in  flow  was 
associated  with  a  drop  in  temperature  at  the  exit  of  the  central 
chamber.  In  run3  where  the  inner  chamber  was  found  to  be  fairly 
clean,  the  deposition  on  the  carbon  rod  itself  appeared  to  increase 
with  increasing  heater  operating  time.  The  most  conclusive  result 
obtained  from  primary  chamber  A  was  the  deposition  of  carbon  in 
the  main  spiral  channel.  The  design  is  such  that  this  main  exhaust 
channel  is  essentially  a  square  pipe  with  one  of  its  four  walls, 
the  preheat  channel  wall,  cooled  and  in  poor  contact  with  the  other 
three  walls.  All  four  walls  were  heated  by  the  exhaust  gases 
passing  through  the  channel,  and  the  reaction  conditions  would  appear 
to  be  the  same  for  each  wall;  but  coke  deposits  were  formed  on  the 
three  uncooled  walls  but  not  on  the  cooled  wall. 


It  appeared  that  the  chamber  could  be  started  and  operated  well 
enough,  with  a  nozzle  which  would  give  a  flowrate  of  0.75  lb. /min. 
at  500  psi.,  to  permit  a  few  tests  with  the  two  stage  reactor.  The 
flow  measurement  and  control  equipment  was  not  adequate,  but  after 
many  attempts  it  was  started  and  both  stages  operated  smoothly  for 
30-40  seconds  at  a  pressure  of  350  psi.  with  a  0.113"  diameter 
exhaust  nozzle.  The  operation  then  became  rough  and  the  reaction 
failed.  The  work  with  this  primary  chamber  was  so  tedious  that,  a 
two  stage  start  having  been  demonstrated,  attention  was  turned  to 
the  development  of  a  reliable  primary  chamber  before  pursuing  the 
two  stage  studies  further. 

Primary  Chamber  B. 

The  next  step  in  the  development  was  the  design  of  a  0.75  in3,  re- 
generatlvely  cooled  chamber  ignited  by  a  tungsten  resistor.  This 
design  was  unsuccessful  because  of  poor  flow  patterns;  however,  it 
was  operated  once  or  twice  with  great  difficulty  at  flowrates  of 
about  0.1  lb. /min.  The  only  result  of  importance  with  this  chamber 
was  a  single  11  minute  run  which  left  the  cooled  walls  of  the 
chamber  very  clean  in  contrast  to  the  hard  thick  deposit  on  the 
tungsten  heater.  The  operating  time  on  the  heater  during  that  run 
was  about  4  minutes.  ~ 
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Primary  Chamber  C. 

In  designing  primary  chamber  C,  (ace  Fig.  2)  one  of  the  major 
objectives  was  to  keep  ethylene  oxide  out  of  contact  with  hot 
surfaces.  In  the  region  near  the  exhaust  nozzle,  cooling  was  not 
considered  critical  because  in  previous  work  a  clean  exhaust  pipe 
was  a  normal  condition.  This  chamber  ron  quite  well,  and  many 
runs  were  made  with  it,  but  running  time  wo3  limited  to  about  ten 
minutes.  The  uncooled  exhaust  channel  invoriably  clogged  with 
carbon,  terminating  the  operation.  This  wo3  attributed  to  the 
passage  of  ethylene  cxide  from  the  injector  directly  into  the  ex¬ 
haust  stream,  due  to  the  nearness  of  the  point  of  injection  to  the 
chamber  exhaust  port.  Coking  on  the  inner  walls  of  the  chamber 
varied  from  none  at  all  to  a  very  thin  deposit,  depending  upon  the 
reactor  operating  conditions.  More  severe  deposits  occurred  on  the 
asbestos  gasket  at  the  insulated  terminal,  a  region  which  could  not 
be  effectively  cooled.  Deposits  on  the  resistor  ranged  from  none 
at  all  to  heavy,  the  amount  and  type  depending  upon  heater  operating 
time,  and  flowrate  and  pressure  conditions  during  the  run. 

Primary  Chamber  D. 

The  design  of  primary  chamber  D  (see  Fig.  3)  is  very  similar  to 
that  of  primary  chamber  C  except  that  all  of  the  chamber  walls  are 
regenera tively  cooled.  The  chamber  is  larger  and  the  points  of 
injection  are  further  removed  from  the  chamber  exhaust  ports. 

Except  for  deposition  on  the  heater  wire,  the  problem  of  coking 
in  this  reactor  is,  for  all  practical  purposes,  non-existent.  At 
low  flowrates  and  high  L*,  small  amounts  of  carbon  formed  in  the 
chamber.  Once,  after  a  20  minute  run  at  about  1  lb. /min.  a  few 
flakes  of  carbon  were  found  in  the  chamber  downstream  in  the  nozzle 
region;  this  was  attributed  to  a  small  liquid  leak  from  the  injector 
out  over  the  steel  nut  which  holds  the  injector  in  place.  This  nut 
is  difficult  to  cool  and  is  believed  to  run  quite  hot.  After  one 
series  of  runs  made  to  determine  the  starting  characteristics  of 
primary  chamber  D,  consisting  of  twenty  brief  runs  averaging  1 
minute  each  and  twenty-two  starting  failures,  a  small  amount  of  very 
low  density  carbon  was  found  in  the  nozzle  region;  the  main  chamber 
was  fairly  clean.  The  large  majority  of  the  tests  were  conducted 
at  higher  flowrates  and  lower  L*,  and  the  deposits  under  those 
conditions  ranged  from  nothing  at  all  to  thin  films  which  could  be 
easily  wiped  away. 

From  the  test  results  obtained  with  primary  chamber  D,  it  is  believed 
that,  as  far  as  coke  deposition  on  the  walls  is  concerned,  trouble- 
free  operation  will  be  realized  under  the  conditions  anticipated  in 
a  fully  developed  reactor.  The  problem  of  deposition  on  the  heater 
wire  is  a^more  seT’ious  one  and  is  discussed  in  a  subsequent  section 
of  the  paper. 
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Miniature  (Inn  generator 

The  prlncLplo  of  eliminating  coke  deposits  by  regenerative  coolin' 
was  pursued  also  in  the  concurrent  development  of  a  very  email 
ethylene  oxi.de  reactor  made  of  brass  and  inconel  wLth  a  chamber 
volume  of  about  0.013  in.3  and  designed  to  operate  at  a  flowrate  of 
less  thon  1  lb. /hr.  for  a  period  of  aeverol  hours.  In  this  reactor, 
the  problem  of  applying  regenerative  cooling  was  more  difficult 
because  the  ratio  of  surface  area  to  fticl  flowrate  is  so  high  that 
the  reactors  have  a  tendency  to  overheat,  even  when  the  incoming 
fuel  13  completely  vaporized  in  the  preheat  channels.  Cooling  wa3 
finally  achieved,  however,  by  reducing  the  size  of  the  reactor  and 
selecting  the  proper  conditions  of  flowrate  and  pressure  for  a  given' 
design.  In  the  latest  design,  coking  in  the  reaction  chamber  itself 
has  been  eliminated.  A  problem  does  remain  of  coking  in  the  bross 
preheat  channels;  whether  the  deposit  i3  a  carbonized  residue  from 
boiling  off  the  fuel  from  polymer  present  in  the  commercial  ethylene 
oxide  or  from  polymer  formed  in  the  hot,  brass  preheat  channels  has 
not  been  resolved.  It  i3  known  that  brass  doe3  cause  polymerization 
of  ethylene  oxide,  and  therefore,  is  a  poor  material  to  use  as  a 
reactor . 

Tests  With  Special  Apparatus 

A  series  of  tests  was  conducted  with  specially  designed  apparatus, 
expressly  to  determine  the  effect  of  wall  temperature  on  carbon 
formation.  Commercial  ethylene  oxide  at  ambient  temperature  was 
sprayed  on  the  walls  of  a  stainless  steel  reactor  heated  to  as 
high  as  500°C.  with  no  carbon  being  deposited  at  all.  Sometimes 
slight  traces  of  carbon  were  deposited  at  temperatures  as  low  as 
470°C.  and  as  high  as  600°C.  When  a  sustained  decomposition  wa3 
started  in  that  reactor,  a  marked  increase  in  deposition  on  the 
walls  resulted.  This  was  not  a  regeneratively  cooled  reactor,  and, 
therefore,  the  wall  temperature  reached  values  during  sustained 
reaction  considerably  in  excess  of  those  used  in  the  preliminary 
tests . 

Conclusions 

From  the  test  results  obtained,  it  is  concluded  that  the  predominant 
mechanism  of  coking  in  ethylene  oxide  reactors  is  the  degradation  of 
carbon  containing  molecules  on  hot  surfaces  of  the  reactor.  Carbon 
will  deposit  from  ethylene  oxide  at  temperatures  in  the  region  of 
its  auto  decomposition  temperature.  Some  polymers  of  ethylene 
oxide,  which  may  be  formed  under  the  conditions  prevailing  in  a 
reactor,  undergo  exothermic  degradation  strongly  in  the  region  of 
340°-36o°C;  this  is  believed  to  be  the  coking  process  occurring 
in  the  preheat  channels  of  the  miniature  reactor  discussed  above. 
There  are  several  different  carbon  containing  molecules  which  may 
be  present  in  the  chamber,  each  with  its  characteristic  degradation 
tendencies.  Among  these  are  ethylene  oxide,  carbon  monoxide, 
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methane,  polymers  of  ethylene  oxLdc  and  possibly  in termed La ten 
which  occur  in  the  decomposition  react  Lon.  Also,  there  ore  many 
different, situations  which  can  exist  in  ethylene  oxide  reaction 
chambers.  In  the  light  of  thin,  it  in  not  surprising  that  the 
various  investigators  Involved  in  thin  problem  have  had  widely 
diversified  experiences.  Another  phenomenon  worth  noting  is  that, 
at  V  values  of  about  >000,  the  formation  of  soot  was  observed  on 
the  walls  of  primary  chambers  Cj  this  might  have  resulted  from  the 
combination  of  carbon  monoxide  to  form  carbon  dioxide  and  carbon. 

The  existence  of  surface  catalytic  effects  on  the  degradation  pro¬ 
cesses  must  be  recognized.  At  higher  surface  temperatures,  marked 
differences  in  the  coking  tendencies  of  different  aurfaces  have 
been  demonstrated  by  other  investigators.  When  reactor  surfaces 
are  cooled,  these  differences  diminish  to  the  point  where  almost 
any  surface  is  non-catalytic  to  the  degradation  process. 

It  must  also  be  recognized  that  situations  exist  where  the  role  of 
surface  catalysis  in  the  polymerization  process  i3  of  more  signif¬ 
icance  than  it  is  in  the  degradation  process,  because  non-volatile 
polymers  formed  in  the  reactor  have  a  tendency  to  adhere  to  the 
wall  and  they  will  undergo  degradation  to  carbon  unless  they  are 
cooled  to  sufficiently  low  temperatures. 

The  results  indicate  that  the  coking  problems  in  these  reactors  can 
be  effectively  dealt  with  by  regenerative  cooling  of  the  reactor 
surfaces.  It  also  appears  that,  among  the  carbonaceous  monofuels, 
ethylene  oxide  may  be  unique  in  its  ability  to  operate  in  a  re - 
generatively  cooled  reactor.  Its  high  auto  decomposition  tempera¬ 
ture  (571°C)  and  its  low  critical  temperature  (19o°C),  permit 
heating  the  fuel  even  to  the  point  of  complete  vaporization  with 
no  possibility  of  auto  decomposition  in  the  preheat  channels.  In 
the  case  of  monofuels  with  low  auto  decomposition  temperatures 
and  higher  boiling  ranges,  it  is  doubtful  whether  the  metal  surfaces 
can  be  maintained  at  low  enough  temperatures  to  prevent  decomposition 
in  the  preheat  channels j  or,  if  it  is  possible,  it  may  be  difficult 
to  achieve.  If  regenerative  cooling  is  not  practical  with  a  given 
monofuel,  coking  problems  must  be  dealt  with  by  fuel  additives, 
surface  selection,  chamber  geometry  or  secondary  cooling  systems. 
Then,  in  this  respect,  it  may  appear  that  ethylene  oxide  has  a 
distinct  advantage  over  many  of  the  other  monofuels. 

DISCUSSION  OF  MULTI -STAGS  REACTOR 

A  two  stage  reactor  incorporating  primary  chamber  D  in  its  present 
state  of  development  is  shown  in  Fig.  4.  A  detailed  discussion 
of  the  primary  chamber  will  be  given  first,  followed  by  a  dis¬ 
cussion  of  the  unit  as  a  whole. 
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Primary  Chamber  I) 

An  effective  method  of  tranaferr Lng  hoot  from  the  glow  wire  directly 
to  the  fuel  has  boon  developed  which  insures  the  transfer  of  heat 
necessary  to  start  the  chamber.  The  heater  i3  located  axially  at 
the  center  of  the  chamber  ami  the  fuel  injection  is  axial  in  a 
cylindrical  pattern  surrounding  the  heater  but  not  contacting  it. 

The  heat  generated  has  only  three  paths  by  which  it  may  leave  the 
heater.  Some  of  the  heat  will  pass  by  conduction  out  into  the 
heater  terminals.  A  small  fraction  of  it  will  escape  through  the 
fuel  by  radiation.  The  remainder  must  necessarily  pass  from  the 
heater  to  the  fuel  by  convection.  Then,  if  the  heater  i3  operating 
at  a  given  wattage  and  the  flowrate  of  fuel  is  low  enough,  de¬ 
composition  of  the  injected  fuel  nu3t  occur.  The  reliability 
inferred  in  the  above  argument  has  been  confirmed  in  practice; 
starting  failures  could  always  be  traced  to  excessive  flowrate, 
faulty  injection  pattern  or  failure  of  the  heater. 

The  injector  vs.  heater  orientation  described  above  is  potentially 
capable  of  relatively  fast  starts.  The  starting  time  is  determined 
by  the  time  required  for  the  heater  to  reach  its  operating  tempera¬ 
ture  and  the  time  required  to  throttle  up  the  flowrate.  At  a  heat 
input  of  2200  watts,  primary  chamber  D  was  started  repeatedly  in 
three  seconds  using  a  0.1"  diameter  discharge  nozzle.  This  en¬ 
tailed  2.5  seconds  heat  up  time  for  the  O.Q9h"  diameter  heater 
wire  with  0.5  seconds  required  for  manually  throttling  up  the  flow- 
rate;  the  total  heater  operating  time  was  5*5  seconds.  The  start¬ 
ing  flowrate  was  about  1  lb. /min.;  this  was  increased  during  that 
half  second  to  about  3  lb. /min.  It  is  recognized  that  the  primary 
chamber  should  be  scaled  down  to  employ  a  more  acceptable  wattage. 
And,  at  a  constant  heat  flux  at  the  surface,  as  the  diameter  of 
the  heater  wire  is  reduced  to  obtain  lower  wattage,  the  heat-up 
time  can  be  reduced  and  possibly  approach  the  time  required  for  an 
ordinary  incandescent  lamp  to  light.  With  a  smaller  wire  and  an 
automatically  throttled  start,  a  starting  time  of  one  second  or 
less  does  not  seem  unreasonable  to  expect. 

Tantalum  is  believed  to  be  the  most  satisfactory  material  for  the 
heating  element  in  the  primary  chamber.  This  estimate  is  based 
upon  physical  properties  alone;  if  chemical  properties  are  shown  to 
be  important,  other  materials  may  be  superior.  Only  the  high 
melting  point  materials  were  given  serious  consideration  because 
it  seemed  improbable  that  materials  with  melting  points  of  the 
region  of  1500*0  could  withstand  the  sharp  temperature  rise  in 
the  chamber  which  occurs  upon  starting.  Carbon  resistors  were 
used  in  primary  chamber  A  but  the  terminal  problems  were  rather 
severe.  Moreover,  carbon  has  a  negative  temperature  coefficient 
of  resistance  which  gives  it  undesirable  operating  characteristics. 
Tungsten  was  used  successfully  in  many  of  the  tests,  but  it  is 
quite  fragile  after  it  has  been  heated.  Tantalum  is  soft  and 
easily  worked,  and  the  selection  of  tantalum  here  is  consistent 
with  the  practice  of  using  tantalum  filaments  in  light  bulbs 
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subjected  to  shuck.  The  mechanical  problems  associated  with  the 
heater  arc  the  mnintalnance  of  good  contact  at  the  terminals  and 
making  provision  for  thermal  expansion  of  the  wire. 

The  problem  of  carbon  deposition  on  the  heater  wire  is  cause  for 
acme  concern;  in  most  of  the  testa  conducted,  the  deposition  was 
quite  severe.  However,  it  is  encouragin'  to  note  that  in  some  of 
the  tcst3  with  primary  chamber  C,  no  deposit  at  all  was  formed  on 
the  heater.  The  current  belief  .13  that  the  deposits  are  due  to 
the  spray  in;  of  fuel  on  the  heater,  because  open  air  tests  of  the 
injectors  showed  that,  in  general,  they  did  not  effect  the 
straight  cylindrical  injection  pattern  for  which  they  were  designed. 
Moreover  in  many  of  the  tests  conducted,  the  heater  operating  time 
was  excessive  and  starting  failures  frequently  occurred  resulting 
in  a  flooded  chamber.  The  solution  to  the  problem  appears  to  in¬ 
volve  the  development  of  an  injector  which  effects  the  required 
cylindrical  spray  pattern.  Then  with  fuel  kept  out  of  contact 
with  the  heater,  and  with  the  short  heater  operating  time  and 
reliable  starting  anticipated  in  a  fully  developed  reactor,  the 
prognosis  seems  good  for  obtaining  a  large  number  of  repetitive 
starts. 

Primary  chambers  C  and  D  both  have  good  running  characteristics. 

This  is  of  interest  particularly  because  one  would  expect  that 
an  injection  pattern  designed  expressly  to  effect  heat  transfer 
from  the  resistor  to  the  fuel  might  not  be  adequate  to  effect  the 
heat  transfer  necessary  to  sustain  a  reaction  after  the  heater 
is  turned  off.  The  preheating  of  the  fuel  entailed  in  cooling 
the  primary  chamber  may  be  an  important  factor,  because  preheating 
the  fuel  will  make  the  manner  of  injection  less  critical.  On  the 
other  hand,  the  injector  and  the  hot  gas  exhaust  ports  in  these 
chambers  are  so  located  that  they  both  promote  a  smooth  recirculation 
of  hot  gases  in  the  chamber.  In  any  case,  the  result  was  that  both 
primary  chambers  C  and  D  did  operate  at  approximately  110  L*  at 
chamber  pressures  as  low  as  100  lbs. /in. 2  which  is  exceptional  for 
ethylene  oxide  reactors.  Moreover,  the  operation  of  these  chambers 
has  been  very  smooth  over  a  wide  range  of  operating  conditions. 

Two  Stage  Reactor. 

In  addition  to  the  elimination  of  coking  problems,  regenerative 
cooling  of  the  multistage  reactor  introduces  other  advantages . 

The  outer  shell  temperatures  in  the  case  of  primary  chamber  D  were 
found  to  be  in  the  region  of  200°G.  This  permits  the  use  of  light 
weight  alloys  for  the  outer  shell,  and  internal  parts  of  aluminum 
may  also  prove  to  be  feasible.  At  these  temperatures,  "0"  ring 
seals  of  silicone  rubber  or  other  heat  resistant  elastomers  can  be 
used;  this  renders  the  internal  sealing  problems  in  the  multistage 
design  readily  capable  of  solution.  One  would  expect  a  regenerative - 
ly  cooled  multistage  reactor  to  be  complex,  but  the  design  shown 
in  t'lg.  4  is  very  simple  and  can  be  readily  fabricated. 
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It  In  Intended  that,  the  mult Intone  reactor  should  operate  with  low 
pressure  drops  between  stages.  Th La  would  require  that  all  of  tho 
stages  start  nt  low  pressure  and  come  up  to  the  operating  pressure 
simultaneously.  To  do  this.  It  la  visualized  that  a  small  flow 
control  and  distributing  device  will  be  located  at  the  reactor  and 
will  bo  actuated  by  the  reactor  chamber  presoure.  Thin  typo  of 
start  la  aomowhat  difficult  to  achieve  by  manual  throttling  and 
thua  for  it  has  been  done  only  in  the  two  stage  reactor  shown  in 
Fig.  1. 

The  preoent  atotua  of  the  development  is  the  attempt  to  run  the 
two  stage  reactor  shown  in  Fig.  H  and  to  learn  its  storting  and 
running  characteristics,  30  that  an  automatic  start  can  be  developed 
for  it.  Subsequent  development  should  consist  of  scaling  down 
sharply  the  primary  chamber  to  a  lower  wattage  unit  with  faster 
starting  characteristics,  the  determination  of  the  optimum  ratios 
of  hot  gas  to  incoming  fuel  at  the  second  stage  injector  under 
various  operating  conditions,  and  the  determination  of  chamber 
volume  required  to  effect  the  reactions  in  the  second  chamber. 

Means  of  ignition  other  than  a  glow  wire  could  be  applied  to  a 
multistage  reactor;  and  the  advantages  offered  by  the  multistage 
design  over  the  conventional  design  are  apparent  in  each  case, 
because  starting  of  the  primary  chamber  is  all  that  is  required. 

In  the  case  of  a  start  by  means  of  a  solid  propellant  cartridge, 
a  very  small  charge  would  be  required.  In  a  combustion  start, 
the  oxidizer  requirement  would  be  negligible.  The  multistage 
principle  would  appear  to  be  the  only  hope  of  achieving  a  start 
by  means  of  a  spark.  A  different  primary  chamber  would,  of 
course,  be  developed  for  each  method  of  starting. 

It  is  hoped  that  the  multistage  design  will  permit  the  experimental 
determination  of  design  parameters  which  can  be  used  to  design  sim¬ 
ilar  reactors  for  any  specified  flowrate  and  set  of  operating 
conditions  with  a  high  probability  of  success.  This  seems  reason¬ 
able  to  expect,  because  the  entire  reactor  is  based  upon  a  stream 
of  hot  gas  impinging  on  a  stream  of  incoming  fuel,  repeated  many 
timesthrough  the  reactor;  and  data  pertaining  to  one  point  of 
impingement  should  be  applicable  to  all  points  of  impingement. 

The  process  of  impinging  a  stream  of  hot  gas  on  the  stream  of  fuel 
should  lend  itself  to  isolated  study,  and  any  improvements  which 
emerge  could  be  incorporated  at  once  into  any  multistage  reactor. 
Thus,  it  is  reasonable  to  expect  that  a  complete  line  of  reactor 
designs  could  emerge  from  this  program,  from  which  one  could  build 
an  ethylene  oxide  reactor  for  any  flowrate  and  any  set  of  operating 
conditions,  with  any  desired  means  of  ignition,  which  would  be  use¬ 
ful  in  a  large  percentage  of  the  applications  of  ethylene  oxide  as 
a  monopropellant. 
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HIGH  ENERGY  FUELS  IN  AIR  BREATH  DIG  ENGINES 


E.  A.  DeZubay  and  S.  M.  King 
Research  Division 
Curtiss  Wright  Corporation 
Quehanna,  Pa. 


Since  the  range  of  a  given  aircraft  is  dependent  on  the 
specific  fuel  impulse,  which  as  a  first  approximation  la  directly 
proportional  to  the  heating  value  of  the  fuel,  the  desire  to  obtain 
fuels  containing  high  combustion  values  per  unit  mass  and  volume  is 
obvious.  In  order  to  obtain  the  minimum  weight  of  a  vehicle,  it  is 
necessary  to  use  air  as  the  oxidizer.  Thus,  in  contrast  to  a  rocket 
motor,  the  air  breathing  engine  is  limited  in  its  domain  of  operation 
but  benefits  from  the  reduced  demands  on  the  working  medium  by  being 
able  to  obtain  oxygen  from  the  surroundings.  At  speeds  less  than 
hypersonic  and  at  altitudes  below  100,000  feet  the  composition  of  air 
can  be  considered  fixed  in  regards  to  the  oxygen  to  nitrogen  ratio. 

In  the  hypersonic  range  the  possibility  of  a  chemical  reaction  that 
would  produce  nitric  oxide  during  the  deceleration  and  compression  of 
air  exists  while  above  100,000  feet  and  the  presence  of  atomic  oxygen 
may  also  alter  tne  characteristics  of  the  available  oxidizer. 

In  the  search  for  high  energy  fuel  three  possibilities  exist. 
These  arej  normal  chemical  fuels,  fuels  utilizing  molecular  bonding 
energies  and  fuel  using  electronic  bonding  energies.  If  we  examine 
the  chemical  elements  for  potential  fuels  (1)  we  find  that,  as  shown 
on  Figure  1,  the  heating  value  of  the  elements  falls  from  a  maximum  of 
5l>600  BTU/lb.  for  hydrogen  to  the  range  of  13,000  BTU/lb.  for  the 
heavier  elements  such  as  aluminum  and  silicon*  Obviously  from  this 
standpoint  hydrogen  would  be  the  ideal  fuel,  but  a  boiling  point  of 
37°  R  and  a  density  of  U»36  pounds  per  cubic  foot  means  that  formid¬ 
able  tankage  problems  will  be  encountered.  The  next  elements  in  as¬ 
cending  atomic  numbers  such  as  lithium,  beryllium,  boron  and  carbon 
are  all  solids.  Logistic  as  well  as  engineering  considerations  re¬ 
quire  the  use  of  liquid  fuels  for  aircraft  applications.  As  a  result 
it  is  desirable  to  combine  elements  containing  the  highest  heating 
value  with  as  much  hydrogen  as  chemical  synthesis  can  achieve  to  ob¬ 
tain  liquid  fuels  with  desirable  characteristics.  An  element  of  zero 
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atomic  weight  with  an  infinite  valence  would  make  an  ideal  hydrogen 
carrier.  - 
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Nature  has  endowed  us  with  a  large  supply  of  carbon  hydrides 
varying  in  heating  value  from  21,600  BTU/lo.  for  methane  to  approxi¬ 
mately  16,000  BTU/lo.  for  the  heavy  umaturated  oils.  These  fuels 

have  been  the  backbone  of  our  power  plants.  In  an  effort  to  obtain 

more  chemical  energy  per  unit  weight  hydrides  other  than  those  of 
carbon  have  been  investigated.  Figure  2  shows  the  range  of  heating 
values  of  various  hydrides. 
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It  la  evident  tnat  only  two  ol*  these  hydrides  represent  large  poten¬ 
tial  increases  in  heating  values.  These  are  beryllium  hydride  and 
the  entire  family  of  boron  hydrides.  Beryllium  hydride  Or  beryllium 
hydride  derivatives,  because  of  the  extreme  toxicity,  unknown  chem¬ 
istry  (2)  and  low  availability  can  not  be  considered  as  an  economi¬ 
cally  feasible  fuel.  This  leaves  only  boron  h/drktes  as  the  other 
possibility.  The  pure  boron  hydrides  have  heat  value  ranging  from  a 
high  of  31,300  BTU/lb.  for  diborane  to  about  28,000  BTU/lb.  for  the 
higher  hydrides  (1).  However,  because  of  their  toxicity  and  other 
physical  properties,  these  boron  lydrides  have  had  to  be  modified  with 
alkyl  groups.  For  example,  the  addition  of  an  ethyl  radical  to  de- 
carborane  results  in  a  reduction  in  heating  value  from  28,300  for  pure 
decaborane  to  26,500  BTU/lb.  for  monoethyldecaborane*  These  modifi¬ 
cations  were  necessary  to  obtain  liquid  fuels  with  reasonable  handl¬ 
ing  properties. 

The  boron  hydrides  and  their  derivatives  have  been  given  the 
most  active  attention  since  their  potential  properties  such  as  density, 
vapor  pressure  and  viscosity  could  be  modified  to  resemble  that  of  the 
hydrocarbons  presently  used  as  fuels.  Fortunately  boron-hydrogen 
compounds  form  an  ‘•organic”  type  of  chemistry  which  though  structural¬ 
ly  more  complex  than  that  of  the  hydrocarbons,  permits  wide  variations 
in  composition  and  physical  proper  ties,  especially  when  the  alkyl 
radicals  are  permitted  to  replace  a  selected  few  of  the  hydrogen  atoms 
of  a  normal  boron  hydride .  Chronologically,  the  boron,  carbon,  hydro¬ 
gen  type  fuels  have  had  an  evolutionary  trend  that  started  with  di¬ 
borane  (B2H6),  and  progressed  to  pentaborane  (B5H9),  ethyl  and  propyl 
pentaborans  (C2H5B5H8  or  C3H7B5HQ),  the  present  ethyl  decaborane 
(C2H5BL0HJ3),  and  eventually  will  end  as  methyl  decaborane  (CH3B10H13), 
the  ultimate  hope  of  these  synthetic  fuels. 

There  are  positive  Indications  that  the  lower  boron  hydrides, 
and  their  derivatives  have  a  high  reactivity  with  air.  This  high  re¬ 
activity  has  been  confirmed  by  their  high  laminar  flame  3peed  which 
at  stoichiometric  fuel-air  ratios  varies  between  200  cm/aec,  to 
600  cm/sec .  (3)  compared  to  a  typical  hydrocarbon  value  of  35  cm/sec. 
This  high  reactivity  has  not  been  verified  for  decaborane  and  its 
derivatives.  Furthermore,  the  activation  energy  for  an  oxidation 
reaction  must  be  considerably  lower  than  the  usually  accepted  value 
of  30K  cal/ mole  for  hydrocarbons.  Hydrocarbon  flames  can  be  sus¬ 
tained  at  flame  temperatures  as  low  as  2600°R,  while  borane  flames 
can  be  sustained  at  temperatures  as  low  as  1500°R  (U).  From  an  air¬ 
craft  standpoint  such  properties  mean  that  the  combustion  space  re¬ 
quirements  can  be  reduced,  and  that  wider  limits  of  fuel  to  air  ratios 
can  be  used.  During  the  combustion  process,  zones  ranging  from  fuel 
rich  to  below  the  lean  flammability  limits  are  present.  It  is  poss¬ 
ible  that  other  boron  compounds  such  as  boron  carbide  may  be  formed 
in  the  fuel  rich  zones  and  complete  combustion  to  boric  oxide  and 
carbon  dioxide  may  not  be  obtained.  Thus  the  end  products  of  com- 
busion  of  the  alkyl  boranes  will  have  to  be  examined  if  appreciable 
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loouea  in  combustion  efficiency  are  observed. 

A  problem,  not  encountered  with  hydrocarbon  fuels,  is  found 
in  the  products  of  combustion  of  boron -containing  high  energy  fuels. 
With  complete  combustion,  boric  oxide  is  produced  at  a  rate  of  about 
two  and  a  half  times  that  of  the  fuel  consumed,  and  is  a  yiscous  li¬ 
quid  in  the  normal  jet  engines  mainbumer  range  from  1600  to  850°F  (5)* 
At  temperatures  below  8$0°F  the  solid  oxldo  deposits  and  builds  up  on 
every  exposed  surface  even  to  the  extent  of  closing  some  passages. 

At  the  higher  temperatures  the  situation  is  alleviated  to  some  extent 
but  the  thick  liquid  still  forms  traveling  waves  which  destroy  the 
efficiency  of  aerodynamically  shaped  surfaces.  Methods  of  preventing 
the  deposition  of  boric  oxide  on  engine  parts  are  being  investigated* 

Expansion  processes,  involving  a  two-phase  system  as  a  mix¬ 
ture  of  ideal  gases  and  condensible  boric  oxide  present  rather  com¬ 
plex  thermodynamic  systems.  As  an  example  (6),  Figure  3  presents  the 
pressure -temperature  conditions  for  an  isentropic  expansion  from  an 
initial  condition  of  1*200°R  and  20  psia  to  h  psia  with  an  initial  con¬ 
centration  of  0.106  lb.  gaseous  boric  oxide  per  pound  of  air.  As  the 
expansion  line  indicates  the  mixture  behaves  as  a  mixture  of  gases 
until  a  pressure  of  9  psia  is  reached.  At  this  point  the  boric  oxide 
would  begin  to  condense 
under  conditions  of 
equilibrium.  At  this  20 
point  of  Initial  con¬ 
densation  the  condi¬ 
tion  line  changes  slope 
and  proceeds  along  a  new 
path  in  which  the  gas¬ 
eous  components  are  re-  16 
heated  by  the  condens¬ 
ing  boric  oxide.  This 
process  results  in  the 
gases  at  the  end  of  the 
expansion  being  con¬ 
siderably  hotter  than  12 
gases  expanding  with¬ 
out  condensation. 

This  is  exemplified  by 
the  condition  line  of 
pure  air  which  is  in¬ 
cluded  as  a  comparison.  ® 

If  non-equilibrium  con¬ 
ditions  exist  during 
the  expansion  and  the 
boric  oxide  vapor  be¬ 
comes  super  saturated, 
measurable  differences  ^ 
in  the  available  en-  1|200  3&JO  3000 

thalpy  occur.  For  ex-  TEMPERATURE  (°R) 
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ample,  in  the  case  cited  in  Figure  3  an  increase  of  l\%  in  the  enthalpy 
available  from  the  expansion  vjould  be  possible  if  maximum  condensation 
rather  than  maximum  super  saturation  of  the  boric  oxide  vapor  would 
occur. 

Now  that  boron  fuels  have  passed  from  the  laboratory,  hydro¬ 
gen  ia  receiving  consideration.  Having  no  synthesis  problem  and 
backed  by  the  development  of  suitable  liquefaction  equipment  and 
storage  vessels,  the  investigation  of  hydrogen  can  proceed  toward  its 
application  in  present  engines,  as  well  as  experimental  investigations 
directed  toward  advanced  propulsion  systems.  Even  though  hydrogen 
faces  the  disadvantage  of  an  extremely  low  boiling  point  and  density 
it  is  quite  possible  that  the  actual  use  of  lydrogen  in  air  breathing 
engines  will  be  realized  before  the  problems  associated  with  the  bor¬ 
on  fuel  can  be  rot  successfully. 

If  the  necessity  of  handling  materials  at  very  low  tempera¬ 
tures  (7  to  100°R)  is  accepted,  an  entirely  new  field  of  potential 
fuels  can  be  considered.  The  obvious  choice  for  a  low  temperature, 
high  energy  fuel,  ia  of  course,  molecular  hydrogen.  At  present  it 
can  be  produced  in  large  quantities  relatively  economically  and  stored 
easily.  There  are  also  indications  that  in  the  cryogenic  region, 
radical  fuels  nay  present  possibilities.  These  radical  fuels  consist 
essentially  of  normal  fuel  molecules  from  which  one  or  more  atoms  have 
been  stripped.  As  a  result  of  such  a  removal,  the  available  energy  is 
not  only  the  chendcal  energy  usually  associated  with  the  combustion 
process  but  also  the  energy  expended  in  breaking  the  molecular  bond 
of  the  previously  attached  molecule  or  molecules.  The  best  candidate 
for  a  radical  fuel  would  again  be  hydrogen.  With  its  chemical  energy 
of  51,700  BTU/lb.  and  its  dissociation  energy  of  93,000  BTU/lb.,  a 
total  energy  content  of  11^4,700  BTU/lb.  could  be  realized.  Even  high¬ 
er  energies  can  be  obtained  from  ionic  forms,  where  not  only  the  mole¬ 
cular  bonds  are  separated,  but  also  the  intra-atomic  bond  between  the 
nucleus  and  the  planetary  electrons  are  broken.  As  shown  on  the  foll¬ 
owing  table,  these  ionic  fuels  contain  fantastic  energies. 

Table  of  Energy  Values  of  Ionic  Fuels 
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Energy  Content 


H 

C 

C 

CO 

B 

B 


+ 

+ 

++ 

+ 

i 

+ 

++ 


707,000  BTOAb* 
78,800  » 
163,000  " 
2U,800  " 

80,600  ■ 

177,000  * 


For  ionized  hydrogen,  the  proton  in  returning  to  its  molecular  state 
would  yield  an  energy  of  655 >000  BTUAb»  This  value  could  be  increas¬ 
ed  to  a  value  of  707,000  BTU/lb.,  if  the  molecular  hydrogen  would  then 
be  oxidized  in  air. 
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If  auch  energies  could  bo  realized  the  specific  fuel  consump¬ 
tion  would  be  reduced  by  a  factor  of  roughly  30  from  that  of  conven¬ 
tional  hydrocarbon.  It  should  be  emphasized  that  as  the  energy  of 
dissociation  and  ionization  becomes  large  in  comparison  to  the  energy 
attainable  by  combustion,  the  need  for  an  air  breathing  engine  be¬ 
comes  progressively  less*  Since  the  energy  obtained  by  association 
and  deionization  can  be  absorbed  by  the  ftiel  itself  in  the  form  of 
eitner  thermal  or  kinetic  energy,  the  need  for  air  as  either  an  oxid¬ 
izer  or  working  medium  becomes  almost  trivial;  as  the  fuel  itself  acts 
as  a  monopropellant. 

The  use  of  both  radical  and  ionic  fuels  cannot  be  considered 
in  the  immediate  future  because  of  the  elementary  state  of  knowledge 
of  their  production,  stabilization  (7 )  and  storage  for.  any  amount 
eave  microscopic  quantities.  As  a  consequence  of  these  considerations 
the  immediate  future  can  consider  only  the  boron  hydride  fuels  with 
their  derivatives  and  liquified  hydrogen. 

An  inspection  of  the  Breguet  range  equation  modified  for  jet 
driven  aircraft  in  the  form 

R  -  Sf  Ha (L/D)  Lc^e  (Wf/V*) 

where  R  *  range  (miles) 

Sf  "  specific  fuel  impulse  (#  Thrust/#fuel/hr.) 

M  ■  Jfech  No 

a  •  acoustic  velocity  (mile s/hr.) 

L/D“  lift  drag  ratio 

Wf  ■  weight  of  vehicle  fully  fueled 

We  *  weight  of  vehicle  empty 

can  be  used  as  a  basis  for  discussing  the  range  of  aircraft  utilizing 
the  various  fuels  discussed  previously.  Since  the  density  of  both 
hydrocarbons  and  alkyl  boranes  are  approximately  the  same,  the  possi¬ 
bility  of  interchangeability  of  tftese  fuels  exists.  If  an  alkyl 
borane  fuel  is  to  replace  a  hydrocarbon  fuel  the  specific  fuel  im¬ 
pulse  would  be  increased  in  direct  ratio  of  their  heating  value,  pro¬ 
viding  that  the  engine  (eitner  turbo  or  ram  jet)  would  be  operated  at 
the  same  conditions  of  mass  flow  and  energy  input.  As  a  first  approx¬ 
imation  the  range  would  also  increase  in  the  sane  ratio  as  the  speci¬ 
fic  impulse,  if  only  the  fuel  and  not  the  geometry  and  flight  condi¬ 
tions  was  changed.  In  the  previously  cited  Breguet  equation,  only  Sf, 
the  fuel  dependent  variable,  and  not  L/D,  M,  a,  Wf  or  We,  the  flight 
and  airframe  dependent  variables,  would  be  changed.  For  example,  an 
increase  in  heating  value  from  a  hydrocarbon  fuel  (18,6U0  BTU/lb. )  to 
ethyl  decaborane  (26,500  BTU/lb.)  would  increase  the  range  of  an  air¬ 
craft  by  about  1*0$.  If  liquid  hydrogen  is  to  be  used  as  an  aircraft 
fuel  no  interchangeability  with  existing  vehicles  is  possible,  since 
hydrogen  with  it3  low  boiling  point  and  its  low  density  requires  large 
volume,  well  insulated  tanks.  These  requirements  are  such  that  both 
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the  airframe  geometry  and  flight  condition  must  be  modified,  that  is, 
at  least  L/D  and  M  must  be  changed  to  minimize  the  effect  of  the 
bulkier  fuselage.  Although  the  specific  impulse  of  hydrogen  theoret¬ 
ically  is  2.78  times  that  of  a  representative  hydrocarbon,  the  re¬ 
quired  redesign  reduces  the  range  increase  to  about  100$.  The  re¬ 
lative  ranges,  as  determined  by  heating  values  and  airframe  design 
requirements  are  shown  on  Figure  U.  For  the  fuels  which  can  be 
utilized  at  present  and  in  the  immediate  future,-  namely  hydrocarbons, 
alkyl  boranes  and  liquid  hydrogen)  the  relative  sizes  of  the  required 
airframes  are  presented  in  silhouette  form.  No  attempt  was  made  to 
estimate  the  airframe  size  for  such  futuristic  fuels  as  radical  or 
ionic  hydrogen,  since  the  auxiliary  equipment  requirements  to  stabil¬ 
ize  such  a  £Uel  are  unknown.  The  range  of  an  ionic  hydrogen  fuel 
aircraft  is  included  on  Figure  U  only  to  indicate  an  order  of  magni¬ 
tude. 
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In  conclusion,  than,  tho  potential  oxtenuion  oi‘  range  and 
performance  through  the  application  of' fuels  with  onnrgy  contents 
higher  than  hydrocarbons  will  probably  follow  an  evolutionary  pattern. 
Tho  alkyl  borane  fuoia  can  be  used  with  existing  airframes  and  engines 
if  the  problems  posed  by  their  products  of  combustion  oan  be  solved. 
Liquid  hydrogen  will  require  complete  redesign  of  airframes,  but 
should  present  no  major  problems  in  existing  or  future  engines.  Rad¬ 
ical  or  ionic  fuels  can  only  be  treatod  from  a  theoretical  side  since 
no  requiremants  are  yet  available  for  the  equipment  that  might  poss¬ 
ibly  stabilize  such  futuristic  fuels . 
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COMPARISON  OP  LOX/KEROSENE,  LOX/HXDRAZINE,  AND  LP^HXDRAZINE 
MISSILE  SYSTEM3  FOR  LONG-RANGE  MISSIONS 


Johann  0.  Tschinkel 
Army  Ballistic  Missile  Agency 
Huntsville,  Alabama 


Ibis  paper  vas  not  received  in  time  to  Include  with  the 
preprints.  It  will  be  published  vith  the  proceedings,  following  the 
symposium. 
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STUDIES  WITH  TWO-STAGE  ROCKET  ENGINE31 


Anthony  Briglio,  Jr. 

Jet  Propula Ion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California 


ABSTRACT 

The  operation  of  a  rocket  engine  is  dependent  upon  compli¬ 
cated  inter-relation3hips  of  the  processes  of  mixing,  atomization, 
evaporation,  and  combustion.  These  relationships  are  not  veil  under¬ 
stood  at  present.  The  designer  of  rocket  engines  is  hampered  by  a 
lack  of  basic  data  on  hov  to  design  high-performance,  smooth-operating 
engines,  and  considerable  effort  is  generally  spent  on  a  trial-and- 
error  basis.  The  gas-atomizing  technique  has  been  applied  in  an  effort 
to  circumvent  some  of  these  current  unknowns.  In  this  approach,  a 
portion  of  the  propellant  is  reacted  in  the  first  chamber,  or  stage, 
of  a  two-stage  engine  and  converted  into  high-velocity  hot -gas  streams 
which  are  suitable  for  atomizing  and  heating  the  balance  of  the  pro¬ 
pellant.  This  type  of  injection  does  not  rely  on  casual  eddy 
velocities  or  liquid-phase  reactions  to  accomplish  heating  of  the 
propellants  injected  into  the  main  chamber. 

A  number  of  two-stage  engines,  of  both  1,000 -pound  and 
20,000-pound  thrust,  have  been  tested  to  investigate  the  gas-atomizing 
injection  principle.  The  following  parameters  were  varied:  the 
fraction  of  propellant  burned  in  the  first  stage,  the  gas  velocity  in 
the  mixing  jet,  the  engine  L*,  and  the  orifice  pressure  drop.  In  both 
the  1,000-pound -thrust  and  the  20, 000 -pound -thrust  engines,  high 
percentages  of  peak  theoretical  performances  and  very  smooth  combustion 
were  obtained  with  a  number  of  different  bipropellant  systems  using 
fuming  nitric  acid  as  the  oxidizer.  The  L*  required  for  comparable 


This  paper  represents  the  results  of  one  phase  of 
research  carried  out  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  under  Contract  No.  DA-04-495-CRD  18, 
sponsored  by  the  Department  of  the  Army,  Ordnance  Corps. 
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pexTorm/inco  w an  larger  for  the  20,000-pound-thruut  engines  than  for  the 
craallor  scale.  Further  testing  ia  being  directed  toward  reducing  the 
engine  size  without  /sacrificing  performance. 

Teats  to  date  have  ohovn  that  utilization  of  the  gaa- 
atomizing  principle  ia  a  powerful  tool  in  promoting  the  ccmbuotion 
process  in  rocket  enginea  for  both  hypergolic  and  nonhypergolic 
oyatema. 


STUDIES  WITH  TWO-STAGE  ROCKET  ENGINES 

The  Jet  Propula ion  Laboratory  hoc  been  conducting  studies 
of  rocket  enginea  and  propellants  for  several  yearn  in  the  course  of 
developing  useful  systems  for  medium-range,  surface -to -surface 
missiles  for  Army  Ordnance.  Much  of  this  work  was  carried  out  using 
the  fuming  nitric  acid-isopropyl  alcohol  propellant  system  because 
these  propellants,  being  relatively  difficult  to  burn  in  rocket  engines 
with  impinging  Jet  injectors,  served  as  a  useful  tool  in  studying 
combustion  processes.  Early  in  1953,  sane  high-speed  motion  pictures 
were  taken  of  a  transparent-walled  1000 -lb -thrust  engine  operating  on 
fuming  nitric  acid  and  isopropyl  alcohol  in  an  effort  to  determine  the 
cause  of  low  performance  which  was  being  obtained  with  some  40-lnch 
L*  engines  of  2-to-l  area  ratio  ( chamber -to-throat).a  When  a  splash 
plate  was  used  in  conjunction  with  a  multi -orifice  injector,  the  flame 
front  in  the  transparent -walled  engine,  as  indicated  by  the  position 
of  initial  luminosity  in  the  chamber,  was  relatively  steady  at  a 
position  about  5  inches  downstream  from  the  injector  face.  Under  these 
conditions,  the  characteristic  velocity  c*  was  about  WtOO  ft/sec. 

With  the  splash  plate  removed,  the  flame  front  oscillated  between  the 
injector  face  and  a  position  about  9  inches  downstream  from  the  in¬ 
jector  face.  Under  these  conditions  the  c*  was  lower  than  4000  ft/sec. 
Consideration  of  these  results  led  to  the  hypothesis  that  the  relatively 
low  performance  of  these  engines  was  due  to  insufficient  heat  transfer 
to  the  propellant  being  injected  into  the  chamber. 

To  test  this  hypothesis,  a  wo -stage  engine  was  built, 
consisting  of  two  combustipn  chambers,  or  stages,  joined  by  an  inter¬ 
stage  nozzle  ( see  Fig.  l) .  A  portion  of  the  total  propellant  flow  was 
burned  in  the  first  stage.  The  resultant  gas  stream  issued  forth  from 
the  face  of  the  mainstage  injector  and  served  as  a  source  of  heat  in 
the  vicinity  of  injection  of  the  major  portion  of  the  propellant. 

The  first-stage  chamber  had  a  volume  corresponding  to  10  in.  L*  of 
the  main  stage  and  had  the  same  diameter.  The  total  L*  of  the  engine 
was  50  in.  L*  and  the  chamber -to -throat  cross-sectional  area  ratio  was 
2.  With  10$  of  the  total  propellant  burning  in  the  first  stage,  the 
gas  velocity  and  stay  time  in  the  first  stage  were  the  same  as  for  an 
engine  having  a  20-to-l  chamber-to-throat  area  ratio  and  a  100-inch  L*. 

aThe  nomenclature  used  in  thi3  paper  is  presented  in 
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Therefore,  conditions  were  nuch  as  to  ah  mire  near-complete  combination 
and  high  temperature  of  the  gaa  coming  from  the  firut  stage.  With  this 
engine,  a  c*  of  I1800  f-t/soc  van  attained  at  r  *  3*3>  correaponding  to 
an  lncrcane  in  performance  of  about  9$.  This  large  improvement  in 
performance  with  relatively  little  increase  in  L*  indicated  that  use  of 
the  two-stage  principle  waa  a  powerful  tool  with  which  to  promote  good 
combuatlon  and  hence  to  circumvent  aome  of  the  complicated  and  little- 
undoratood  intor-relatlonohipa  of  the  processes  of  mixing,  atomization, 
evaporation,  and  combuatlon. 

A  number  of  different  configurations  of  lOGO-lb-thruat  two- 
stage  engines  were  built  and  tested  to  obtain  design  information. 
Detailed  results  of  these  testa  are  presented  in  References  1  through 
12.  The  engines  were  all  uncooled,  to  simplify  fabrication  and  to 
permit  rugged  heavy-walled  construction.  All  teats  were  of  short 
duration,  about  2  to  4  seconds,  to  prevent  overheating  of  the  engine 
components.  In  all  of  the  engines,  triplet  sets  of  orifices  were 
employed,  two  oxidizer  streams  impinging  on  a  central  fuel  stream,  so 
that  the  direction  of  the  resultant  momentum  would  not  change  as  mix¬ 
ture  ratio  was  varied. 

In  one  design,  no  interstage  nozzle  was  employed,  15$  to 
30$  of  the  total  propellant  being  injected  into  the  head  end  of  the 
chamber  and  the  remainder  being  injected  into  the  resulting  low- 
velocity  (about  200  ft/sec  or  less)  gas  stream.  The  low  performance 
obtained  with  this  configuration  indicated  that  the  main-stage  pro¬ 
pellant  should  be  injected  into  a  gas  stream  of  relatively  high 
velocity,  say  600  ft/sec  or  more. 

Ultimately,  small-scale  two -stage  engines  were  designed 
which  gave  c*  values  of  4800  ft/sec  or  higher  using  a  wide  variety  of 
fuels  with  fuming  nitric  acid  of  different  compositions,  including  SFNA 
(see  Table  II).  With  these  engines,  high  performance  was  not  criti¬ 
cally  dependent  upon  chemical  composition,  as  is  sometimes  the  case 
with  rocket  engines. 

Most  of  the  performance  tests  Just  described  were  made  with 
engines  having  a  68 -inch  L*.  Since  this  L*  might  be  excessively  large 
for  practical  application,  some  recent  tests  were  made  with  a  high- 
performance  two-stage  engine  of  1000-lb -thrust  (see  Figure  2)  in  which 
reductions  were  made  in  the  combustion  chamber  volumes  of  both  stages, 
to  investigate  the  effect  on  performance.  With  one  engine,  decreasing 
the  first-stage  L*  to  15  in.  and  the  second-stage  L*  to  24  in.  (for  a 
total  L*  of  39  In.)  resulted  in  little  los3  in  performance  with  SFNA- 
diethylenetriamine,  the  c*  being  5070  ft/sec  and  the  ISp  208  sec  (cf. 
Table  II).  Combustion  during  these  tests  was  smooth. 

In  addition  to  the  small -scale  tests,  several  configura¬ 
tions  of  two-stage  engines  have  been  tested  on  the  20, 000-lb -thrust 
scale  to  obtain  design  information  for  possible  future  application. 

These  tests  are  described  in  more  detail  in  References  11  and  12.  The 
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teats  at  20, OOO -lb -thrust  wore  all  of  short  duration  in  uncooled 
engines.  The  tent  installation  in  shown  in  Figure  3  with  a  two-otago 
engine  mounted  ready  for  firing,  and  some  test  data  are  presented  in 


Table  III. 


The  20, 000 -lb -thrust  engines  had  two  general  configura¬ 
tions,  one  having  annular,  and  the  other  having  circular  interstage 
nozzles.  These  interstage  nozzles,  as  well  as  the  ones  used  in  the 
1000-lb -thrust  engines,  all  had  sharp  edges  at  the  downstream  end  to 
induce  separation  of  the  gas  stream.  In  the  first  type,  shown  in 
Figure  4,  the  propellants  were  introduced  from  an  injector  body  which 
was  located  on  the  central  axis  of  the  engine.  Ten  sets  of  triplet 
orifices  injected  one-third  of  the  total  propellant  flow  into  the  first 
stage.  Each  triplet  consisted  of  two  oxidizer  Jet3  impinging  on  one 
central  fuel  Jet.  The  main-stage  injector  likewise  had  ten  triplet 
elements,  and  the  spray  produced  was  directed  outward  toward  the  wall 
intersecting  the  annular  gas  stream  coming  from  the  first  stage.  The 
interstage  nozzle  was  replaceable,  making  it  possible  to  vary  the 
interstage  gas  velocity  and  thereby  determine  the  effect  of  this 
variable  on  performance.  Two  interstage  nozzle  velocities  were  tested 
(600  ft/sec  and  1000  ft/sec),  two  main-stage  L*  values  (49  in.  and  75 
in.,  the  fir3t-3tage  L*  being  22  in.  in  both  cases),  two  different 
injector  body  configurations  (cf.  Figs.  5  and  6),  and  several  different 
propellant  combinations,  SFNA  with  the  following  fuels:  diethylene- 
triamine,  Corporal  fuel  (46.5#  vt  aniline,  46.5#  furfuryl  alcohol,  and 
7#  hydrazine),  50#  aniline  -  50#  furfuryl  alcohol,  80#  diacetone  alcohol 
and  20#  furfuryl  alcohol.  The  combustion  obtained  in  these  tests  was 
generally  very  smooth.  Combustion  instabilities  occurred  in  none  of 
the  tests  with  injectors  of  the  type  shown  in  Figure  5  and  in  only  one 
test  with  injectors  of  the  type  shown  in  Figure  6,  the  one  test  being 
with  diacetone  alcohol  -  furfuryl  alcohol  fuel. 

In  the  tests  at  the  smaller  main-stage  L*  (49  in.),  the 
measured  values  of  chamber  pressure  appear  erroneously  high  since  the 
values  of  Cp  are  2  to  4#  lower  than  predicted  and  the  values  of  c*  are 
exceptionally  high.  The  isentropic  stagnation  pressure  pc  for  calcu¬ 
lating  performance  was  based  on  measurements  of  pg,  at  the  side  of  the 
chamber  wall  a  short  distance  upstream  from  the  start  of  the  converging 
section  of  the  nozzle.  If  appreciable  combustion  were  taking  place 
downstream  of  the  P2  tap  and  upstream  of  the  nozzle  throat,  then  pg  and 
hence  pc  would  be  erroneously  high,  for  the  relationship  between  P2  and 
pc  was  based  on  the  assumption  that  combustion  was  completed  in  the 
chamber.  When  the  L*  of  the  main  stage  was  increased  to  75  in**  the 
discrepancy  in  Cp  disappeared.  For  example,  using  the  propellants 
SFNA-DETA,  the  specific  impulse  increased  from  204  seconds  to  213 
seconds,  an  increase  of  about  4  l/2#,  whereas  the  c*  increased  from 
4920  ft/sec  to  50^0  ft/sec,  an  increase  of  only  2  l/2#.  With  the  75- 
in.  L*  chamber,  Cp  values  were  about  I.36,  being  identical  with  theory, 
whereas  the  Cp  for  the  engine  with  the  49-in.  L*  main  stage  was  about 
1.32.  Larger  discrepancies  of  this  type  were  obtained  in  small-scale 
tests  in  which  the  engine  L*  was  reduced  to  low  values.  These  results 
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emphasize  the  desirability  of  measuring  thrust  in  experimental  and 
development  tenting,  aince  agreement  of  the  experimental  values  of 
thrust  coefficient  Cp  with  the  theoretical  values  is  a  good  check  on  . 
teat  data. 

The  first  injector  body  which  was  built  (see  Fig.  5)  hod 
its  triplet  elements  canted  so  that  the  spray  fans  produced  by  the 
stream  inplngements  did  not  intersect  each  other  before  intersecting 
with  the  gas  stream  from  the  first  stage.  It  was  believed  desirable 
to  avoid  excessive  mass  concentrations  ouch  as  might  form  if  the  edges 
of  the  fans  were  allowed  to  mix.  The  second  injector  (cf.  Fig.  6)  was 
simpler  to  fabricate,  the  orifices  of  each  triplet  being  located  in 
radial  planes.  The  performance  of  this  injector  was  identical  to  that 
of  the  earlier  one,  indicating  that  there  was  no  adverse  effects  from 
allowing  the  spray  from  the  fans  to  intersect. 

In  tests  with  the  simplified  injector  in  the  engine  having 
a  75-in.  L*  main  stage,  a  loss  in  Isp  of  6  seconds  resulted  from 
enlarging  the  injector  orifices  and  thereby  decreasing  the  injector 
pressure  drop  to  50  p3i  compared  with  its  previous  drop  of  125  psi. 

More  recently,  the  two-stage  engine  shown  in  Figure  7  was 
tested.  This  65 -in.  L*  engine  wa3  similar  in  layout  to  the  best 
performing  small-scale  engine  (cf.  Fig.  2).  Some  differences  between 
the  large-scale  and  small-scale  engines  should  be  pointed  out.  The 
20, 000 -lb -thrust  engine  had  three  triplets  in  the  first  stage  and  six 
triplets  in  the  second  stage.  Since  one-third  of  the  total  propellant 
was  burned  in  the  first  stage,  an  average  of  over  2000  lbs  of  thrust 
was  obtained  from  each  triplet  element,  as  compared  to  a  maximum  of  220 
lbs  per  triplet  in  the  1000 -lb -thrust  engine.  The  chamber-to -throat 
area  ratio  of  the  large  engine  was  2,  whereas  that  of  the  small  engine 
was  4. 

The  large -scale  engine  of  Figure  7  has  been  tested  with 
SFNA-diethylenetriamine  and  with  Corporal  propellants  (SFNA  and  46. 5$ 
aniline — 46.5$  furfuryl  alcohol — 7$  hydrazine  fuel).  Using  SFNA-DETA, 
the  peak  performance  obtained  at  a  pc  of  300  psia  is  as  follows:  c*  = 
4850  ft/sec  and  Is  =«  203  seconds  at  r  =  3*1»  This  performance  is 
appreciably  below  that  of  the  small-scale  engine  after  which  it  was 
modeled.  Combustion  was  very  smooth  during  starting,  steady-state 
operation,  and  shutoff  in  all  but  one  test  of  this  engine.  In  the 
exception,  a  test  with  SFNA  and  diethylenetriamine,  a  combustion  in¬ 
stability  occurred,  and  the  engine  suffered  damage  due  to  burning. 

It  is  planned  to  make  additional  tests  with  the  two-stage 
engine  of  Figure  7  using  orifices  which  will  give  reproducible  stream 
characteristics,  as  predicted  by  hydraulic  studies  which  are  being 
conducted  at  the  Jet  Propulsion  Laboratory  (cf.  Refs.  13  and  14). 

These  studies  have  shown  that  control  over  the  distribution  of  both 
mass  and  mixture  ratio  in  the  spray  resulting  from  impingement  of  free' 
liquid  streams  can  be  exerted  only  if  the  dynamic  characteristics  of 
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tho  otreamu  arc  controlled.  It  han  been  deraonutrated  with  nonreacting 
fluidu  almulatlng  propolluntu  that  the  Btrenms  rnuut  poimess  controlla¬ 
ble  dynamic  characteriatica,  i.e.,  Dlmilar  and  symmetrical  velocity 
profileu  in  a  otable  free  atroam.  It  appears  that  the  moot  satisfac- 
tory  method  of  controlling  the  velocity  profile  ia  to  aaoure  that  tho 
otreams  are  fully  turbulent.  The  length  of  smooth  bore  required  to 
produce  n  fully  developed  turbulent  velocity  profile  ia  excessively 
large  for  practical  application  in  a  rocket  engine,  amounting  to  about 
50  or  more  diameters.  However,  it  has  been  found  that  by  utilizing  a 
proper  approach  flection  and  uniformly  roughening  a  portion  of  the  bore 
of  the  orifice,  say  by  threading,  the  required  orifice  length  can  be 
reduced  to  about  20  diametera. 

In  one  set  of  scheduled  tests,  the  two-on-one  orifices  of 
the  engine  shown  in  Figure  7  will  be  threaded  to  investigate  the  effect 
on  performance  of  obtaining  stable  and  reproducible  stream  character¬ 
istics.  Hydraulic  testing  revealed  that  the  liquid  streams  produced  by 
the  unthreaded  orifices  gave  relatively  poor  stream  characteristics 
partly  because  of  the  bends  in  the  feed  tubes  (cf.  Figure  8).  Thread¬ 
ing  of  the  orifices  will  give  more  ideal  stream  characteristics. 

In  a  second  series  of  scheduled  tests,  the  two-on-one 
triplet  sets  of  orifices  will  be  replaced  by  one-on-one  doublet  sets 
of  orifices  satisfying  the  requirements  for  producing  fully  developed 
turbulent  streams  and  in  addition  having  diameters  required  to  produce 
uniform  mixture  ratio  of  the  propellants  in  the  spray  produced  by 
impingement.  The  criterion  to  be  satisfied  to  obtain  uniform  mixture 
ratio  with  one-on-one  impinging  stream  pairs  i3  the  relation 

6  V2  d  =5_v2  D. 
ox  ox  ox  f  f  f 

which  was  empirically  determined  using  inert  fluids  simulating  pro¬ 
pellants,  carbon  tetrachloride  simulating  the  FNA,  and  water  simulating 
the  fuel  (cf.  p.  5  of  Ref.  14). 

Some  other  organizations  have  studied  two-stage  engines. 

In  one  series  of  experiments  (cf.  Ref.  15),  a  two-stage  engine  was  oper¬ 
ated  on  the  mixed  oxides  of  nitrogen  -  ammonia  propellant  system.  Com¬ 
pared  with  some  other  types  of  injectors  (a  swirl  type  and  a  triplet 
impinging  type),  the  two-stage  injector  gave  appreciably  lower  perform¬ 
ance.  In  other  tests  (cf.  Ref.  16),  an  effort  is  being  made  to  deter¬ 
mine  the  major  design  parameters  affecting  the  jet  mixing  processes  and 
the  effect  of  these  parameters  on  combustion  chamber  ignition,  perform¬ 
ance,  and  stability.  The  investigation  was  stimulated  by  highly 
promising  results  obtained  by  applying  the  jet  mixing  injection  tech¬ 
nique  in  other  programs. 
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CONCLUSION 


In  conclusion,  smooth  combustion  and  high  performance  have 
been  obtained  in  some  experimental  rocket  engines  by  burning  a  portion 
of  the  propellant  in  a  separate  combustion  chamber  and  injecting  the 
root  of  the  propellant  into  the  resulting  hot,  high-velocity  gas  . 
stream.  These  so-called  tvo-stage  engines  have  been  operated  under 
vide  ranges  of  conditions,  such  as  propellant  composition  and  mixture 
ratio,  and  the  combustion  has  been  characteristically  smooth  and  free 
from  instabilities.  Performance  closely  approaching  the  theoretical 
values  was  obtained  with  each  of  several  different  two-stage  engines, 
using  fuming  nitric  acid  and  a  wide  variety  of  fuels. 


These  results  are  considered  highly  promising  and  Justify 
additional  study  of  two-stage  engines.  This  type  of  engine  might  be 
particularly  useful  for  certain  specialized  applications,  for  example 
where  throttled  operation  is  required. 

Excellent  performance  was  obtained  in  relatively  small  L* 
two-stage  engines  of  1,000 -lb -thrust.  In  applying  the  same  principle 
to  20,000-lb-thrust  engines,  smooth  combustion  was  obtained,  but  the 
performance  was  appreciably  lower  than  that  obtained  on  the  small  scale. 
Ihe  differences  in  performance  obtained  at  the  two  thrust  levels  and 
the  results  of  other  investigations  of  two-stage  engines  (as  well  as 
one-stage  engines)  point  up  our  lack  of  basic  knowledge  of  the  pro¬ 
cesses  affecting  rocket -engine  operation. 


Additional  testing  of  a  20, 000 -lb -thrust  two-stage  engine 
is  planned  with  two  different  sets  of  injector  orifices  to  investigate 
the  effect  of  using  triplets  which  give  more  stable  free  streams  and 
with  doublet  sets  of  orifices  which  will  give  stable  free  streams  and 
uniform  mixture  ratio  of  the  propellants  in  the  spray  produced  by  im¬ 
pingement.  Test  data  for  both  orifice  configurations  are  expected  to 
be  available  for  presentation  at  the  Symposium  in  March  1957*  The 
effect  on  combustion  of  obtaining  different  mass  concentrations  of 
propellants  in  these  new  configurations  is  not  known.  However,  it 
should  be  emphasized  that  unless  the  liquid  streams  have  predictable 
dynamic  characteristics,  little  hope  can  exist  for  predicting  either 
mass  or  mixture  ratio  distribution  of  propellant.  The  use  of  orifices 
which  will  at  least  control  mixture  ratio  distribution  is  considered  a 
necessary  step  in  the  direction  of  better  controlling  the  processes 
taking  place  in  rocket  engines. 
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c*  ■  characteriatic  velocity  » 


•  TABLE  I 
NOMENCLATURE 
PCftS 


F 

Pcft 


Cp  *  thruat  coefficient 
D  *  internal  diameter  of  injector  orifice 
»  cross -sectional  area  of  throat 
F  »  thruat 

g  *  acceleration  due  to  gravity 

F 

Iap  *  specific  impulse  «  ~— 

L*  =  characteristic  length  *  Vc/f^. 
p  »  isentropic  stagnation  pressure  in  nozzle 

C 

PQ  a  external  pressure 

r  a  mixture  ratio  =  v^/vf 

V  ?=  injection  velocity  of  propellant 

Vc  =  combustion  chamber  volume 

v  -  propellant  flow  rate 

S  »  propellant  density 

Subscripts: 

f  a  fuel 
ox  »  oxidizer 
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OOO-lb-thrust  Rocket  Engine 


Figure  3«  Static-Test  Installation  of  Uncooled  Two-Stage 
20,000-lb-thrust  Rocket  Engine 
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FIRST 

■  STAGE  — J 
(25-In.  A») 


LENGTH 
55  In.  “ 

SECOND  (MAIN) 

-  STAGE  — 

(40-In,  L*) 


/MAIN  NOZZLE 


THREE  TRIPLETS, 

EQUI-  CIRCUMFERENTIALLY 
SPACEO,  INJECTING 
ONE -THIRD  OF  TOTAL 
PROPELLANT 


NOTE:  EACH  TRIPLET  CONSISTS  OF  TWO  OUTER  OXIDIZER 
ORIFICES  AND  ONE  CENTER  FUEL  ORIFICE 


-SIX  TRIPLETS, 

EQUI  -  CIRCUMFERENTIALLY 
SPACED,  INJECTING 
TWO- THIRDS  OF  TOTAL 
PROPELLANT 


Figure  7.  Configuration  of  Another  Uncooled  fwo-Stage 
20,000-lb-thrust  Rocket  Engine 


Figure  8 


wo-Stage  Engine  of  Figure  7* 
lowing  Manifolding  of  Orifices 
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